A Study of Structural, Dielectric and Transport Properties of Transition Metal Doped Rare Earth Orthoferrites by Keelani, Ali Odeh Abedalqader
  
 
 
 
 
A STUDY OF STRUCTURAL, DIELECTRIC AND 
TRANSPORT PROPERTIES OF TRANSITION METAL 
DOPED RARE EARTH ORTHOFERRITES  
 
A THESIS   
Submitted for the award of the degree of 
DOCTOR OF PHILOSOPHY   
IN PHYSICS   
 
By   
ALI ODEH ABEDALQADER KEELANI 
 
   
Under the Supervision of   
Dr. Shahid Husain   
 
 
DEPARTMENT OF PHYSICS  
ALIGARH MUSLIM UNIVERSITY  
ALIGARH (INDIA)  
2016 
 
  
 
CANDIDATE'S DECLARATION 
I, Ali Odeh Abedalqader Keelani, certify that the work embodied in this Ph. D. 
thesis is my own bonafide work carried out by me under the supervision of Dr. Shahid 
Husain at Department of Physics, Aligarh Muslim University, Aligarh. The matter 
embodied in this Ph. D. thesis has not been submitted for the award of any other degree.  
I declare that I have faithfully acknowledged, given credit to and referred to the 
research workers wherever their works have been cited in the text and the body of the 
thesis. I further certify that I have not willfully lifted up some other's work, para, text, 
data, result, etc. reported in the journals, books, magazines, reports, dissertations, theses, 
etc., or available at web-sites and included them in this Ph. D. thesis and cited as my own 
work. 
Date:                                                                                 (Signature of the candidate) 
                                                                                        Ali Odeh Abedalqader Keelani 
                                                                                                 (Name of the candidate) 
CERTIFICATE FROM THE SUPERVISOR 
This is to certify that the above statement made by the candidate is correct to the best 
of my knowledge. 
                                Signature of the Supervisor:  
                                           Name & Designation: Dr. Shahid Husain 
                                                          Department: Physics 
 
(Signature of the Chairman of the Department with seal)  
  
 
COURSE/ COMPREHENSIVE EXAMINATION/ PRE-
SUBMISSION SEMINAR COMPLETION CERTIFICATE 
 
 
This is to certify that Mr. Ali Odeh Abedalqader Keelani, Department of Physics, 
has satisfactorily completed the course work/ comprehensive examination and pre-
submission seminar requirement which is part of his Ph. D. programme. 
 
 
 
 
 
Date:                                                (Signature of the Chairman of the Department) 
 
 
 
 
 
 
  
 
 
 
COPYRIGHT TRANSFER CERTIFICATE 
 
Title of the Thesis: A Study of Structural, Dielectric and Transport Properties 
of Transition Metal Doped Rare Earth Orthoferrites 
   
Candidate's Name: Ali Odeh Abedalqader Keelani 
 
 
COPYRIGHT TRANSFER 
 
The undersigned hereby assigns to the Aligarh Muslim University, Aligarh copyright 
that may exist in and for the above thesis submitted for the award of the   Ph. D. degree. 
 
Signature of the candidate 
 
 
Note: However, the author may reproduce or authorize others to reproduce material 
extracted verbatim from the thesis or derivative of the thesis for author's personal 
use provide that the source and the University's copyright notice are indicated.  
  
This thesis is dedicated to 
 
My Beloved Family 
(Consisting of broad spectrum of teachers, friends & well-wishers) 
And 
Research Guide 
 
  
 
 
 
 
 
 
 
 
 
II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
III 
 
Acknowledgments 
 
 
            In the name of ALLAH, the Most Beneficent, the Most Merciful. First and 
foremost, I praise and acknowledge ALLAH, the most beneficent and the most merciful. 
Secondly, my humblest gratitude to the Holy Prophet Muhammad (Peace be upon him) 
whose way of life has been a continuous guidance for me. 
 I am privileged to have had many people who have helped and inspired me during 
my doctoral study. I hereby thank all of them. 
 I would like to express my deep and sincere gratitude to my supervisor,             
Dr. Shahid Husain for his consistent support and encouragement. I have benefited 
greatly over the years from his help, advice and assistance. Without his enthusiasm and 
guidance, the research projects reported in this thesis would never have been completed. 
His outlook on research and enthusiasm for life is invaluable. I consider him the most 
fantastic role model for me. I will be forever grateful to him for helping me to achieve 
this goal. 
I am immensely grateful to Prof. Mohd. Afzal Ansari, Chairperson, Department of 
Physics, A.M.U., Aligarh,  for providing all the necessary facilities. I would like to 
express my sincerest appreciation to Retd. Prof.  Rahimullah  Khan, Ex-Chairperson, 
Department of Physics, A.M.U. and Dr. Wasi Khan for their support, advice, guidance 
and encouragement during the course of this work.  
 I am also thankful to employees of the Physics Department for their support in 
general and to the Prof. Shabbir Ahmad, Dr. Mohammad Jane Alam and Mr. Sheeraz 
Ahmad Bhat in particular for providing facilities of FTIR and UV/Vis. spectroscopy. 
Special thanks are due to Mr. Amir Riyan Khan of CMP lab for his help in my endeavor. 
               I would like to express my gratitude to my family members including my 
brothers, sisters, and most importantly, my mother, from whom I have been lucky to 
receive tremendous affection and encouragement. All of these have been instrumental in 
overcoming several hurdles in my life.  
              At last but not least, I am greatly thankful to my wife, daughters and my son for 
their patience, emotional support, kind love and cooperation during the persuasion of 
this work. 
IV 
 
               This is not just the words in these pages but each word acknowledges my deep 
gratitude to all those who have played a pivotal role in the same and without whom this 
thesis would not have been possible. 
 
Ali O.A. Keelani 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
V 
 
 
Contents 
           Page Nos. 
Introduction 1-9 
Chapter–1  11-36 
Historical background 
1.1     Rare earth orthoferrites   11 
1.1.1         Features of orthoferrites 11 
1.1.2         Phase diagram information for rare earth orthoferrites. 13 
1.2     Crystal and electronic structure 13 
1.2.1  Zener Double Exchange (ZDE) Mechanism 16 
1.2.2      Super-exchange interaction 17 
1.2.3        Tolerance Factor 19 
1.2. 4       Jahn - Teller (JT) distortion 21 
1.3    Electrical Properties 24 
1.3.1        Conduction mechanism in ferrites 24 
1.3.1.1      Hopping mechanism 26 
1.3.1.2      Polaron model 27 
1.4     Dielectric properties 27 
1.4.1        Electronic Polarization 28 
1.4.2       Ionic Polarization 29 
1.4.3       Dipolar or Orientational polarization 29 
1.4.4       Space Charge Polarization or Interfacial polarization 30 
1.4.5       Frequency Dependence of Dielectric Constant 31 
References  32 
Chapter-2   
  Experimental and Characterizations techniques 
37- 68 
2.1  Introduction 37 
2.2  Synthesis Methods 37 
VI 
 
2.2.1     Solid state reaction method 37 
2.2.2       Preparation of orthoferrites by solid state reaction 38 
2.3     Characterization Techniques 40 
2.3.1   Structural and morphological studies 40 
2.3.2    X-ray diffraction (XRD) 40 
2.3.2.1    Rietveld analysis 43 
2.3.2.2    Precise lattice Parameter Measurement errors 45 
2.2.3     Scanning electron microscopy (SEM) 46 
2.2.3.1    Working of SEM 47 
2.2.4       Transmission electron microscopy (TEM) 49 
2.2.4 .1   Working of TEM 52 
2.2. 5      UV/VIS Spectroscopy 54 
2.2.6       Fourier Transform Infrared Spectroscopy (FTIR) 55 
2.2.6.1    Qualitative Analysis 56 
2.2.6.2    Physical Principles 56 
2.2.7       Thermal Analysis 57 
2.2.7.1    Definition 57 
2.2.7.2     Characteristics of Thermal Analysis 58 
2.2.7.3    Conformation of Thermal Analysis Instruments 59 
2.2.8      LCR Meter 59 
2.2.8.1    Measurements Parameters 60 
2.2.8.2    Dielectric & Impedance Spectroscopy 61 
2.2.8.3    Dissipation Factor/tan 63 
2.2.8.4    AC. Conductivity 64 
References 66 
Chapter-3         69- 98 
Section A 
Structural and Morphological Properties Mn Doped GdFeO3 
3.1 Motivation and introduction  69 
VII 
 
3.2  Sample preparation and experimental details  69 
3.3 Results and Discussion   70 
3.3.1     Structural Analysis 70 
3.3.2     Williamson-Hall-analysis 73 
3.3.2.1   Uniform deformation model (UDM) 73 
3.3.2.2  Uniform deformation stress model (UDSM) 74 
3.3.2.3  Uniform deformation energy density model (UDEDM) 77 
3.3.3      Morphological analysis  78 
3.3.3.1  Scanning electron micrograph (SEM)  78 
3.3.3.2  Transmission electron microscopy (TEM) 81 
References  83 
 Section B 
Structural and Morphological Properties Mn Doped SmFeO3 
3.4 Motivation and introduction  85 
3.5  Sample preparation and experimental details  85 
3.6 Results and Discussion  85 
3.6.1         Structural Analysis 85 
3.6.2         Williamson-Hall-analysis 86 
3.6.2.1      Uniform deformation model (UDM) 86 
3.6.2.2     Uniform deformation stress model (UDSM) 86 
3.3.2.3     Uniform deformation energy density model (UDEDM) 91 
3.6.3        Morphological analysis 92 
3.6.3.1      Scanning electron micrograph (SEM)  92 
3.6.3.2      Transmission electron microscopy (TEM) 93 
References  98 
Chapter-4   99-134 
 Section A 
Thermal and Optical Properties of Mn Doped GdFeO3  
4.1    Motivation and introduction  99 
4.2   Sample preparation and experimental details 100 
VIII 
 
4.3   Results and Discussion 100 
4.3.1      Thermal Analysis 100 
4.3.2       Optical Properties and Parameters 104 
4.3.2.1    UV/Vis. Spectroscopy 104 
4.3.2.2    FTIR Spectroscopy 113 
References  115 
 Section B 
Investigation of Thermal and Optical parameters of Mn Doped SmFeO3 
4.4      Motivation and introduction  117 
4.5     Sample preparation and experimental details  118 
4.6      Results and Discussion 118 
4.6.1    Thermal Analysis 118 
4.6. 2    Optical Properties and Parameters 124 
4.6.2.1  UV/Vis. Spectroscopy 124 
4.6.2.2  FTIR Spectroscopy 131 
References 133 
Chapter-5   135-162 
Study of dielectric properties and AC conductivity of Mn doped GdFeO3 
5.1      Motivation and introduction  135 
5.2     Sample preparation and experimental details 135 
5.3      Results and Discussion 135 
5.3.1      Dielectric properties 135 
5.3.1.1   Dielectric constant 135 
5.3.1.2   Impedance analysis 140 
5.3.1.3  Dielectric loss 143 
5.3.1.4  Electrical modulus 145 
5.3.2     AC conductivity 147 
Reference. 160 
Chapter-6   163-182 
Study of dielectric properties and AC conductivity of Mn doped GdFeO3 
IX 
 
6.1       Motivation and introduction  163 
6.2      Sample preparation and experimental details  163 
6.3       Results and Discussion 163 
6.3.1     Dielectric properties 163 
6.3.1.1  Dielectric constant 163 
6.3.1.2  Impedance analysis 168 
6.3.1.3 Dielectric loss 170 
6.3.1.4  Electrical modulus 172 
6.3.2     AC conductivity 173 
References  182 
Chapter-7 183-190 
Conclusion and future work 
7.1       Structural and morphological properties 183 
7.1.1  Mn doped GdFeO3 183 
7.1.1  Mn doped SmFeO3 184 
7.2       Thermal and optical properties 184 
7.2.1     Mn doped GdFeO3 184 
7.2.2     Mn doped SmFeO3 185 
7.3       Dielectric and AC conductivity  185 
7.3.1     Mn doped GdFeO3 185 
7.3.2     Mn doped SmFeO3 186 
7.4        Overall conclusion of the thesis 187 
7.5         Future scope of the work 189 
Papers in Journals and Conferences 191 
 
 
 
 
 
 
Introduction 
 Perovskite oxides of the general formula ABO3 (where A is rare earth and B 
represents transition metal ion) have been the focus of intense research due to their 
fascinating properties since long [1-6]. These properties include metal insulator 
transition, colossal magnetoresistance, multiferroic behaviour etc. These systems are 
generally named on the basis of transition metal ion at B site e.g. Cobalites, Manganites, 
Orthoferrites, Ortho chromites etc. Even though these materials posses the orthorhombic 
structure but the magnetic behaviour of these materials is different depending on the 
difference in the electronic shell structure of the transition metal and rare earth ions. 
Among these materials rare earth orthoferrites found special status due to its muliferroic 
properties [7-10]. These materials have potential applications in spintronics and data 
storage, including high-speed memory with magnetically and electrically addressable 
states, magnetically tuneable switches and sensors. Advances in thin film growth 
techniques have provided routes to structures and phases that are inaccessible by 
traditional chemical means, and have allowed the properties of existing materials to be 
modified by strain engineering. This availability of high-quality thin-film samples, in 
conjunction with a broad spectrum of analytical tools, has improved our ability to 
accurately characterize multiferroic behaviour, and has opened the door to the design of 
practical devices based on magnetoelectric coupling. Orthoferrites crystallizes in a 
distorted perovskite structure with an orthorhombic unit cell. The steadiness of the 
orthoferrites(AFeO3) depends on the tolerance factor (t). In LaFeO3 t < 1, therefore the 
cubic structure transforms into orthorhombic and hence deviates the Fe-O-Fe bond angle 
from 180o, this divergence in Fe-O-Fe bond leads to a distortion in FeO6 octahedron. 
Consequently, properties of these orthoferrites can be altered or modified precisely by the 
choice of suitable doping element at rare earth or at Fe3+ site. 
In 2003, Ramesh et al. [11] have successfully grown the thin films of one of the 
most popular multiferroics, BiFeO3. The multiferroic properties of bulk BiFeO3 are fairly 
weak, but in thin-film form they are greatly enhanced. The second major experimental 
development, also in 2003, was the discovery of a novel class of multiferroics, in which 
magnetism and ferroelectricity not only coexist, but magnetism causes ferroelectricity. 
Among the rare earth orthoferrites, lanthanum orthoferrite (LaFeO3) is a very well-known 
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antiferromagnetic material with a high value of Néel temperature. Actually, it crystallizes 
in an orthorhombically distorted perovskite oxide with a space group Pbnm.Various 
properties of bulk and thin film of pure and doped LaFeO3 have been studied [12-13]. 
Hexagonal LaFeO3 thin films have been grown on Pt (111)/ Al2O3 (0001) substrates at 
850 °C using pulsed laser deposition technique. At room temperature, it has been 
reported that hexagonal LFO film exhibits both ferroelectricity and ferromagnetism 
(weak). La0.5Al0.5FeO3(LAFO) prepared by solid state reaction route shows improved 
values of   magnetization and magnetic susceptibility (χm) as compared to LaFeO3. It has 
also been reported that LAFO is a semiconducting material with low resistivity while 
LFO is an antiferromagnetic insulator [14]. Nanoparticles of Zn substituted lanthanum 
orthoferrite, La0.5Zn0.5FeO3 (LZFO) are prepared by co-precipitation method show 
magnetic and ferroelectric orderings of at room temperature (RT). An exchange bias 
effect is also observed at RT. Temperature dependent dielectric constant of LZFO 
exhibits a ferroelectric to paraelectric transition at ~776 K. Magneto-capacitance (MC) 
co-efficient is estimated from the dielectric constant of LZFO measured in presence and 
absence of magnetic field. Interestingly, the values of magnetization, electric polarization 
and MC of LZFO are substantially enhanced as compared to that of LFO and thus it was 
concluded that the doping of Zn improves the quality of LFO from the point of view of 
applications. 
N.F. Atta el al. [15] have been studied the catalytic activity of rare earth based 
orthoferrites like LaFeO3, GdFeO3, SmFeO3 and NdFeO3 and shown that catalytic 
activity depends on tolerance factor, nature of A site cation and Fe-O bond strength. 
These orthoferrites also display high values of dielectric constant and low dielectric loss 
and hence find application in microelectronic industry as they enable device 
miniturization. In general high dielectric constant (ε/> 103) is exhibited exclusively by 
ferroelectric and relaxor ferroelectrics. In recent years, materials exhibiting so called 
giant dielectric constant have been reported. B. V. Prasad et al. [16] have studied the 
dielectric properties of SmFeO3. The effective dielectric constant obtained in the 
frequency range 100 Hz -1MHz is found to be of the order of 104 at room temperature. 
This high value of dielectric constant in SmFeO3 is attributed to grain boundary response. 
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These rare earth orthoferrites also used in resistance type sensors. The working 
principle of these sensors is based on the reaction of gas with surface oxygen that 
changes the conductivity of the material. However, the application of gas sensors is 
limited by the stability of the perovskite phase in reducing atmosphere at high 
temperatures [17] and therefore highly stable materials being sought. SmFeO3 is one such 
material that has been reported as a potential gas sensor for O3, CO and NO2 detection 
due to it’s highly gas sensitive electrical properties. The good sensitivity of SmFeO3 has 
been explained in terms of their greater number of gas adsorption sites on the surface due 
to surface segregation of Sm ions [18]. It has been found that increase in size of A site 
ion improves the thermal stability and electrical conductivity in reducing conditions. 
The doping of Mn at Fe site in YFeO3 shows intriguing magnetic properties such as a 
first order spin reorientation and temperature induced magnetization reversal. Later on 
ferroelectricity and tunable magneto dielectric effect are observed in Mn doped YFeO3. 
The most intriguing aspect of multiferroics that has emerged as in the last few years 
relates to electric polarization that results from magnetism. That is traditionally 
considered to be incompatible with ferroelectricity. There is a class of materials known as 
magnetoelectric. These materials are those where there is coupling between magnetic and 
electric order parameters wherein electric polarization can be controlled by magnetic 
fields and magnetization by electric fields. All multiferroics are not necessarily 
magnetoelectric. 
The perovskite based ceramic oxides (ABO3) have been the focus of scientific 
activity since the last many decades owing to their simple structure, interesting magnetic, 
transport and optical properties. [19–21] The perovskite structure is amenable to various 
type dopants, which play a crucial role in tuning its properties. Previous studies revealed 
that B ion plays a key role in controlling electronic and magnetic properties of 
perovskites. Replacing B ion with Fe+3ion gives rise to orthoferrite family. Rare earth 
orthoferrites (ReFeO3) were first identified by Forestier and Guillian in 1950.[22] 
ReFeO3 exhibits thought provoking magnetic properties like non-collinear 
antiferromagnetism, high pressure induced spin cross over in iron system.[23,24] They 
have also been a subject of technological concern because of their applications in 
magneto-optic devices and in gas sensors.[25,26] Among orthoferrites, Gadolinium 
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orthoferrite (GdFeO3) seeked much attention as most of the ABO3 type compounds 
exhibit crystal structure similar to GdFeO3 and it also displays a rich assortment of 
interesting magnetic properties. The crystallographic measurements on GdFeO3 were 
performed by Geller at bell telephonic laboratories, which shows that it crystallizes in an 
orthorhombic structure with Pbnm space group containing pseudo cubic sub-cells, where 
Gd3+ and Fe3+ ions reside at pseudo cube corners and body centers, respectively. [27] 
Below 660 K, the Fe3+ ions are antiferromagnetically ordered along the orthorhombic “a” 
axis but are slightly canted to give weak ferromagnetism along the orthorhombic “c” axis. 
The slight canting of Fe3+ spins due to anti-symmetric exchange produces a resultant 
weak ferromagnetism. [23,28] This type of material is important for opto-magnetic 
devices and memory based devices. Orthoferrites recently also showed the potential as a 
spintronic material by substituting Fe3+ ions at Fe sites. [29–31] But less attention has 
been paid to the dielectric properties of these materials, as higher dielectric constant 
materials can be used in capacitive components. So, the purpose of the present work is to 
gain a deeper insight into the temperature dependent dielectric properties of GdFe1-
xNixO3 (0.0≤x≤0.3). This study also helps us to understand the intriguing properties of 
GdFeO3. 
In this class, samarium orthoferrite (SmFeO3) is representative of multiferroic, it 
has both ferroelectric and antiferromagnetic properties. From technologicalpoint of view, 
it is a promising material for gas sensors [32] and magnetic field sensors [33]. 
Ferroelectric and antiferromagnetic subsystems coupling allow one to drive material 
magnetic properties by electric field and vice versa to drive electric properties by 
magnetic field [46]. Ceramics and thin films multiferroics promising for memory, 
functional electronic elements, actuators and MEMS development [34, 35]. Electrical 
conductivity is the main problem, interfered to multiferroics practical application [34], 
especially for based on electrotransport properties gas sensors [32]. Authors [36] reports 
about samarium orthoferrite conductivity increasing with temperature rise, but 
measurements have been executed only on low temperatures. Gases are most active on 
high temperatures, thus conductivity dependence in wide temperature range is actual. As 
known, main ceramics physical properties directly dependent from temperature-temporal 
manufacturing regimes, element composition and doping concentration [32, 34, 35]. But 
Introduction 
 
P a g e  | 5 
doping adding, strengthening some parameters can reduce other useful ceramics 
characteristics.  
The objective of this work, therefore, is to synthesize transition metal doped rare earth 
orthoferrites and study theirstructural, thermal, optical and dielectric properties so as to 
identify and realize their possible applications. 
 
Contents of the thesis – An overview 
This thesis consists of seven chapters: 
 Chapter 1 of the thesis is divided into four parts; the first part deals with the rare 
earth orthoferrites, introduction to the theme, features of orthoferrites, phase diagram 
information for rare earth orthoferrites and growth of rare earth orthoferrites. The second 
part treats with transition-metal oxides, crystal and electronic structure, Zener double 
exchange (ZDE) mechanism, super-exchange interaction, carrier density, tolerance factor, 
Jahn - Teller (JT) distortion, and electron-phonon coupling. The third part transacts with 
the electrical properties, conduction mechanism in ferrites, hopping model of electrons, 
polaron model. The fourth and last part deals with the definition of dielectric properties, 
electronic polarization, dipolar or orientational polarization, space charge polarization or 
interfacial polarization.  In the end, frequency dependence of dielectric constant has been 
discussed. 
  Chapter 2 of the thesis is divided into two sections; the first section outlines the 
various techniques used to synthesize bulk and nanostructured orthoferrites during the 
course of this work. This chapter also contains the description about various experimental 
characterization techniques such as XRD, SEM, TEM, FTIR, UV/Vis., TGA, LCR etc. 
used during the course of present study. The second part summarizesthe details of the 
softwares and calculations used in this thesis like Rietveld analysis, Precise lattice 
Parameter Measurement etc.  
 Chapter 3 of the thesis is divided into two sections; the first sectionis dedicated 
tosynthesis of GdFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) by solid state reaction route. X-ray 
diffraction (XRD) patterns confirm single phase nature and the orthorhombic crystal 
symmetry of our samples. Williamson-Hall-plots are used to investigate physical 
parameters such as strain, stress, and energy density using different models namely, 
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uniform deformation model (UDM), uniform deformation stress model (UDSM) and 
uniform deformation energy density model (UDEDM). The strain, stress, energy density 
and crystallite size increase as the concentration of Mn increases. Scanning electron 
microscopy (SEM) with energy dispersive x-rays (EDX) and transmission electron 
microscopy (TEM) were employed. The particles found in spherical shapes and size 
increases with the increase in Mn concentration; the grain boundaries were clearly 
distinguishable. The EDX of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) samples with 
elemental (Gd, Fe, Mn and O) distribution are homogeneous, symmetrical and with no 
trace of impurities. The second section outlines the discussion on above mentioned 
properties in case ofSmFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) samples. 
Chapter 4 of the thesis is divided into two sections; In the first section, we have 
discussedthe optical and thermal properties of nanocrystalline samples of GdFe1-xMnxO3 
(x=0.0, 0.1, 0.2 and 0.3) (GFMO). Differential thermal analysis (DTA) is used to 
determine the heat flow and specific heat at constant pressure (Cp) of the samples as a 
function of temperature. We have observed an anomaly peak in specific heat of GdFeO3 
at 565 K which is near to its Neel temperature. This peak further shifted towards lower 
temperature on Mn doping. The absolute values of Cp are found to decrease with Mn 
doping. Energy bandgap estimated using Tauc’s relation is found be of direct transition 
nature and Mn doping decreases the bandgap significantly. Urbach energy calculated 
using absorption coefficient is found to increase with the increase in Mn concentration. 
FTIR spectra show the characteristic Fe-O band around 559 cm-1 for pristine GdFeO3 
sample and on Mn doping it shifted to 579 cm-1. Whereas the second section outlines the 
discussionon thermal and optical properties of SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) 
samples. 
 Chapter 5 is devoted to the dielectric properties and ac conductivity studies of       
GdFe1-xMnxO3 (x=0, 0.10, 0.20 and 0.30) (GFMO). We have studied the behavior of 
dielectric constant, tangent loss (tan δ) and impedance as a function of frequency and 
temperature.  It is noticed that dielectric constant increases with the increase in Mn 
doping at room temperature as well as with the increase in temperature at a constant 
frequency. The Cole-Cole plots do not fit into complete semicircles indicating the non 
Debye type relaxation phenomena. We have observed that real and imaginary parts of 
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impedance decrease with the increase in frequency and Mn concentration. The equivalent 
circuit via Zview software predicts the contact resistances in the range of 25kΩ. The bulk 
resistances are decreased with the increase in the Mn concentration and the value of 
capacitance, Cp, is found to be around 1.07 µF. The tangent lossincreases with the 
increase in temperature at constant frequency but decreases with the increase in 
frequency. At room temperature, the ac conductivity is found to increase with increase in 
frequencyand follow thepowerlaw     𝜎𝑎𝑐(𝜔) = 𝐴𝜔
𝑠 with frequency exponent s decreases 
with the increase in frequency. The activation energies calculated from ln(σ)versus 1/T 
plots are found to decrease with the increase in Mn concentration. AC conductivity data 
have been analyzed under the correlated barrier hopping (CBH) and non-overlapping 
small polaron tunneling (NSPT) models. The polaron hopping energy (WM) estimated 
using these models varieswith temperature, indicates that the conductivity in the material 
is thermally activated, and increase in temperature increases the degree of overlap of 
coulombic potential wells of the considered sites. 
 In Chapter 6 we have discussed the dielectric properties and ac conductivity of      
SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3). In this case too the Cole-Cole plots do not fit 
into complete semicircles, indicate towards non-Debye type relaxation phenomena. AC 
conduction mechanism has been discussed in light of CBH and NSPT models. 
In Chapter 7 we have summarized the various results obtained for Mn doped 
GdFeO3 and SmFeO3 samples. On the basis of these study we conclude that the doping of 
transition metal change the structural, optical, thermal, morphological and dielectric 
properties of (Gd,Sm)Fe1-xMnxO3 (x=0.0, 0.1, 0.2, and 0.3) samples.  This presents an 
overview of results concluded from all the previous chapters and scope of future work on 
the studied materials.  
The thesis ends with the list of publications in internationally reputed journals and 
papers presented in various national/international conferences along with attended 
workshops/schools. 
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Chapter 1 
Historical Background 
1.1 Rare earth orthoferrites 
Rare earth orthoferrites with the general formula RFeO3 (where R is a rare earth 
ion) belong to the widely studied family of transition metal oxides with an 
orthorhombically distorted perovskite structure. These materials have attracted interest 
since the 1950’s due to their novel magnetic and magneto-optic properties and are still 
the subject of much research aimed at a better understanding of properties of the 
magnetic subsystems (one on the rare-earth ions and another on the iron ions) and how 
interactions between them depend on external parameters, such as temperature, electric 
and magnetic fields, pressure, etc. [1-4]. In addition to purely academic research, studies 
on possible device applications of orthoferrites have also been undertaken by many 
groups; particularly in the 1960’s and 1970’s. The magnetic domain behaviour in these 
materials led to a large number of investigations focusing on potential applications for 
orthoferrites as memory or logic devices [5-7], as well as for pattern processing [8]. 
Although, orthoferrites have been overtaken by ferromagnetic garnets for magnetic 
bubble devices, interest in orthoferrites resurged in the 1990’s, particularly from the 
viewpoint of their domain wall dynamics. The velocity of the domain wall motion (at up 
to 20 km/s) is reported to be the highest amongst the magnetically ordered media [9-11]. 
Recent investigations by Didosyan et al. [12-20], have reported that orthoferrites show 
much promise for use in various innovative micro-technological devices such as 
magnetic sensors, magneto-optical current sensors, light spot position measurers, 
magneto-optical rotational speed sensors and fast latching optical switches. 
 
1.1.1. Features of orthoferrites 
In the ideal perovskite structure (ABO3), which belongs to the cubic space group 
Pm3m, the A cation is surrounded by 12 oxygen ions in a regular dodecahedral 
environment and the B cation is octahedrally coordinated by 6 oxygen ions, giving rise to 
a 1800 B-O-B bond angle. Distortion from the ideal structure is largely related to a 
mismatch between A-O and B-O bond distances. If the A cation is replaced by a smaller 
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one, BO6 octahedron would rotate about the cubic crystallographic axis to release the 
structural stress. The cooperative rotation of the BO6 octahedron consequently leads to a 
decrease in the B-O-B bond angle and a reduction in the coordination number of 
Acations. Such distortions, controlled by different A cations for the same B cation, play 
crucial roles in metal-insulator transition, magnetoresistance, spin transitionetc., because 
the electronic structure in perovskite strongly depends upon the B-O-B bond angle [21]. 
The series of orthoferrites RFeO3, where R is rare earth, crystallize in the 
orthorhombically distorted perovskite structure (space group: Pbnm), which is a common 
arrangement for many ABO3 compounds. The crystallographic unit cell, shown in Fig. 
1.1, contains four equivalent iron ions. The distortion of the perovskite structure is such 
that the iron environment remains essentially octahedral, however the axes of the four 
octahedral sites are in different directions (with increasing rare earth atomic number, the 
orthorhombic distortion increases) [22]. 
 
Fig.1.1A typical crystallographic structure for anorthoferrite unit cell. This structure belongs to 
the space group Pbnm. The four sublattice Fe3+ion sites are labeled as 1, 2, 3, and 4. [After 
ref.21] 
 
The presence of two magnetic subsystems (one on the rare-earth ions and another 
on the iron ions) in the crystal structure of rare earth orthoferrites has made the magnetic 
properties of these materials very interesting, albeit complicated, since there is 
competition between Fe-Fe, R-Fe and R-R interactions. At ambient temperatures, the 
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magnetic properties of RFeO3 systems depend primarily on the Fe–Fe interactions which 
leads to antiferromagnetic type ordering with Neel temperatures ranging from 623 K (Lu) 
to 740 K (La) as shown in Table 1.1 [23]. Most members of the rare earth orthoferrite 
family are classified as canted antiferromagnets, for example in ErFeO3 and YFeO3 the 
atomic moments align at an angle to the c-axis such that the components of magnetisation 
perpendicular to the c-axis cancel out, whereas the components of atomic magnetisation 
parallel to the c-axis give a weak spontaneous magnetisation in the c-axis. 
 
Table 1.1 The Neel temperatures for different rare earth ions at R site in orthoferrites [23]. 
Rare earth 
ion at R site 
La Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 
Neel 
temperature 
(TN(K)) 
740 707 687 674 662 657 647 645 640 639 636 632 627 623 
 
1.1.2 Phase diagram information for rare earth orthoferrites 
Comprehensive constitutional information for R-Fe-O ternary systems is clearly 
desirable to explain the solidification behaviour of orthoferrites during bulk crystal 
growth. Unfortunately, such information is scarce, although not entirely absent. For 
example, Schneider et al. [24] performed phase equilibrium studies of several R2O3-
Fe2O3 systems (where R=Nd, Sm, Eu, Gd, Ho, Er, Tm and Yb), and while the subsolidus 
binary phase diagrams reported did not specify any solidus and liquidus lines, they did 
predict that phases such as garnets (i.e. R3Fe5O12 type) and other rare earth oxide type 
structures would exist near to the RFeO3 composition, for ErFeO3. Van Hook [25] gave a 
more complete phase diagram for the R2O3-Fe2O3 system, a garnet phase as being stable 
up to 50 molar% R2O3 along with other phases such as orthoferrite, magnetite and 
hematite.  
 
1.2  Crystal and electronic structure 
 In this section, the physics of Mn doped ReFeO3 will be briefly reviewed, starting 
with the lattice structure which is illustrated in Fig. 1.2. The observed lattice structures of 
ReFe1-xMnxO3 (where Re represents the rare earth cation Gd or Sm) can be deduced from 
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the aristotype cubic perovskite structure, displayed in the left part of the Fig. 1.2. The (Gd 
or Sm) cation site is surrounded by eight corner sharing MnO6 or FeO6-octahedra which 
build up a three-dimensional network. However, due to a misfit of the mean (Gd or Sm) 
and Mn/Fe site radii, this ideal structure is not observed in nature.  
Fig. 1.2 Left: ideal cubic perovskite structure. Right: Lattice structure in the orthorhombic phase 
of ReMnO3, where a pronounced tilting of FeO6-octahedra occurs [26]. Cell edges and lattice 
directions corresponding to the Pbnm-setting are also indicated. 
 
Instead, distortions and tilts of the FeO6-octahedra lead to rhombohedral, 
orthorhombic, monoclinic and even triclinic modifications of the cubic perovskite [26-
28]. In the right part of Fig. 1.2, the orthorhombic modification observed for LaFeO3 is 
shown, where a pronounced octahedral tilting occurs. The octahedra in ReMnO3 (where 
Re represents the rare earth cation Gd or Sm) are not only tilted, but also Jahn-Teller 
distorted: referring to formal valences, ReMnO3 (where Re represents the rare earth 
cation Gd or Sm) contains only Jahn-Teller active Mn3 + -ions with a 3d4-configuration. 
Since the MnO6-octahedra are connected to each other, it is intuitively clear that 
cooperative distortions can occur. The cooperative ordering of Q2-distorted octahedra is 
exhibited in Fig.1.3 [29]. As the long axis of a distorted octahedron points to the short 
axes of its neighbours, this antiferro-distortive ordering reduces the elastic energy of the 
crystal. In other words, elastic interactions significantly contribute to the stabilization of 
the cooperative Jahn-Teller distorted phase of ReMnO3. 
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Fig.1.3. Left: Q2-distorted MnO6-octahedron. Right: Three-dimensional network of cooperatively 
Jahn-Teller distorted MnO6-octahedra, which is connected to an antiferro-orbital ordering. 
 
The cooperative Jahn-Teller distortions correspond to an orbital ordering, which 
in turn determines the magnetic superexchange interactions between neighbouring 
manganese sites. The dependence of the superexchange interaction on the orbital 
occupation is summarized by the so-called Goodenough-Kanamori-Anderson (GKA) 
rules [30, 31]. In the specific case, illustrated in Fig. 1.3, two GKA rules are relevant: 
firstly, the 180°-superexchange between an empty and a half-occupied orbital gives rise 
to a ferromagnetic nearest-neighbour interaction within the ab-plane. Second, the 180°-
superexchange between two half-filled orbitals along the c-direction is antiferromagnetic. 
It follows that the orbital order shown in Fig. 1.3 is connected to the A-type 
antiferromagnetic ordering, consisting of ferromagnetic ab-planes which are 
antiferromagnetically aligned along the c-axis. In fact, below TJT ≊ 780 K a cooperative 
Jahn-Teller distorted phase similar to that shown in    Fig.  1.3, as well as the A-type 
antiferromagnetic order below TN ≊ 140 K are experimentally observed for LaMnO3 [32-
34]. It is to be noted that, although the antiferro-orbital ordering in ReMnO3 is well 
established, the eg-states │3di〉 = αi│3Z2 – r2〉+βi│x2-y2〉 occupied at a site i have not been 
determined unambiguously so far. Therefore, the orbital ordering shown in Fig. 1.3 
represents only an illustrative example. 
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1.2.1 Zener Double Exchange (ZDE) mechanism  
 Most of the earlier reports based on theoretical work on manganites have been 
focused on the qualitative aspects of the experimentally discovered relation between 
transport and magnetic properties, namely the increase in conductivity upon the 
polarization of the spins. The formation of coexisting clusters of competing phases was 
not taken into account in the earlier considerations. The double exchange (DE) model 
was first established by Zener [35-37] in 1951 to explain the connection between 
conductivity and ferromagnetism. There are three assumptions in Zener’s model: (i) the 
electrons in Mn 3d orbitals are all parallel aligned due to “Hund’s coupling”. (ii) The 
electron transfers in Mn3+-O2--Mn4+ will not alter the spin direction. (iii) As the spin of 
hopping electron is aligned with the core spin of the neighboring Mn ion, the hopping 
integral of the conduction electron is maximal thus leading to a ferromagnetic metallic 
state [35]. One hopping electron will transfer from O2- to Mn4+ ion and simultaneously 
one electron transfer from Mn3+ ion to O2- ion [36]. Thereafter, Anderson et al. [38] 
extended the DE mechanism by mechanically considering the electron quantum as well 
as the spin direction of each Mn ion. The hopping probability of electron is determined 
by 𝑡 = 𝑡0cos(𝜃⁄2), where 𝜃 represent the angle between the two neighbouring Mn t2g spins, 
as seen from Fig. 1.4. Later on, fully quantum-mechanical treatment was explored by 
Kubo and Ohata [39]. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4 (a): Schematic diagram of DE developed by Zener’s group [36]. (b):  DE model 
discussed by Anderson and Hasegawa [38]. 
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In ferrites, magnetic moments are antiparallel but uncompensated and resulted 
into net magnetic moment. Consider a simple system of two atoms ‘a’ and ‘b’ having one 
electron each. The distance between two atoms is very small, giving rise to electron 
interaction. Electron wave function can be expressed as linear combination of the original 
atomic wave function. In magnetic oxides as well as in many ionic crystals the exchange 
energy J < 0 which support anti-parallel alignment. In such substances, cations are 
separated by anions and direct exchange interaction is not possible because they are 
located too far apart each other. Oxygen O2- ion like inert gas have closed shell 
configuration and offer no spin coupling in ground state. This state will be disturbed by 
the neighboring ions. One of the electrons present in oxygen ionsexchange with the 
unpaired electron of the metal ions (A-site) by the principle of the superposition of states. 
According to Pauli Exclusion Principle, oxygen spin will be opposite to that of metal ion. 
The other spin of oxygen ion paired with the unpaired spin of another metal ion.  
In 1951, Zener presented double exchange mechanism. The cations of same 
element having different valence states exchange electrons through oxygen ions. For 
example, Fe2+-O2--Fe3+ can change to Fe3+-O2--Fe2+.  
 
1.2.2 Super-exchange interaction  
In ferrites, direct interaction is not possible due to the following reasons: 
1- Large distance between the magnetic cations.  
2- The non-magnetic anion such as oxygen is situated in the line joining 
magnetic cations.  
Kramers (1934), Anderson (1950) and Van Vleck (1952) proposed a mechanism 
called super-exchange interaction. The probability of interaction of oxygen ions in the 
ground state with magnetic cations is extremely small [40]. However, its interaction with 
metallic ions is possible in excited state. The possible excitation mechanism can be 
explained in the following way. Consider the interaction between oxygen and ferric ions. 
The ground state of these ions can be shown as:  
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Fig.1.5 The interaction between 2p6 oxygen and ferric ions. 
 
The Fe3+ ions have five electrons in 3d shell and according to Hund’s rule; the 
alignment of five spins in d shell is shown in the Fig.1.5. The six electrons of the oxygen 
ion form three pairs. In excited state, one p-electron leaves the oxygen ions and becomes 
the part of iron ion temporarily and converts the ferric ion for a very short time to ferrous 
(3d6) ion. These ions can be shown as: 
 
Fig. 1.6 The interaction between 2p5 oxygen and ferrous ions (3d6). 
 
The excited oxygen ion having one unpaired spin is now paramagnetic and 
overlaps p orbital with the ferric ion orbital produces exchange forces. Thus, the other 
spin in the oxygen ion free to pair with the unpaired spin of other metal ions located 
opposite to the original metal ion. The second spin of the oxygen ion can only couple 
with a spin which is opposite to the original metal ion. This mechanism of interaction 
suggests the antiparallel alignment of the two metal ions adjacent to the oxygen ion.  
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It is generally assumed that the super exchange interaction decreases rapidly with 
the increase of distance between metal ions and non-magnetic anion (oxygen ion). The 
dumb bell shape of the 2p orbital makes it a reasonable assumption that the exchange 
forces will be greatest for an angle of 180° and also where the interatomic distances are 
shortest. The interaction will be very small for an angle of 90°. The best combination of 
distances and angles are found in A-B interactions while A-A interaction is very weak 
and B-B interaction is probably intermediate.  
In 1951, Zener proposed this mechanism to explain the cause of interaction 
between adjacent metal ions of parallel spins through neighboring oxygen ions [40]. The 
argument requires the presence of ions of the same metal in different valence states. In 
orthoferrites, Zener’s argument would envisage the transfer of one electron from the Fe2+ 
ions to the nearby oxygen ions and the simultaneous transfer of an electron with parallel 
spins to the Fe3+ ion nearby. This process is shown below.  
 
Fig.1.7 Zener mechanism of interaction between adjacent metal ions of parallel spins through 
neighboring oxygen ions. 
 
This mechanism is similar to the conduction mechanism proposed by De Boer and 
Verway (1937) to explain the reasons for electrical conductivity of certain conducting 
materials. This mechanism favors positive interaction. 
 
1.2.3 Tolerance Factor 
The Goldschmidt tolerance factor (Goldschmidt, 1926) is a measure of the fit of the 
A-site cation to the cubic corner sharing octahedral network. It is a simple geometrical 
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number for the perovskite arrangement i.e., how far from ideal packing can the ionic 
sizes move and still be “tolerated” by the perovskite structure? It reflects the structural 
distortion, force constants of binding, rotation and tilt of the octahedrons, etc. The 
distortion in the crystal structure appears due to the different sizes of the both ‘A’ cation 
and the ‘B’ cation. When the radius of ’A’ atom is small the structure become more 
distorted leading to tetragonal or orthorhombic distortion, i.e. GdFeO3 type distortion, 
where the individual BO6 corner shared octahedra are rotated and tilted. It is well known 
that when the tolerance factor decreases, the degree of distortion increases [41].  In a 
cubic perovskite, twice the B-O bond length is the cell edge and twice the A-O bond 
length is equal to the face diagonal. In the ideal cubic case the cell axis, a, is 
geometrically related to the ionic radii: 
a = √2 (RA + RO) = 2(RB + RO)                                      (1.1) 
where RA, RB and RO are the respective radii of A cation, B cation and O anion in the 
appropriate coordination. Deviations from cubic symmetry, leading to orthorhombic or 
rhombohedral polymorphs, can be rationalized using the Goldschmidt tolerance factor 
(); 
τ = (RA + RO)/√2 (RB + RO)                                             (1.2) 
The ideal cubic structure is formed for  = 1, when the A cation matches in size 
with the O2− ions to form cubic close-packed layers, and the B cation matches the size of 
the interstitial sites formed by the oxygen to give an array of corner-shared BO6 
octahedra. A tolerance factor less than unity suggest rotational instabilities and τ> 1 
points towards ferroelectric distortions. The ideal cubic perovskite structure has τ = 1. It 
was observed, however, that the perovskite structure remains preserved also when t is 
smaller or larger than 1, in fact 0.75 <τ<1.05. Nevertheless, the structure becomes 
distorted and less symmetric. The reductionin symmetry is driven by the necessity to 
accommodate the anion coordination number around the cations. One or more of the 
following processes usually happen:  
1. Titling of the anion octahedra, 
2. Displacement of the cations, 
3. Distortion of the octahedral. 
Chapter 1                                                                                            Historical Background 
P a g e  | 21 
The distorted structure of the GdFeO3 system is shown in Fig. 1.8, where = 0.81 for 
GdFeO3 [42], and = 0.86 for SmFeO3. 
 
 
Fig.1.8. GdFeO3 type distorted perovskite structure. 
 
1.2.4 Jahn - Teller (JT) distortion. 
 The discovery of high-temperature superconductivity (HTSC) in the copper 
oxides and of colossal magnetoresistance (CMR) in the manganese oxides with 
perovskite structure has reawakened interest in dynamic, cooperative Jahn-Teller (J-T) 
deformations in solids, particularly where they occur at a cross-over from localized to 
itinerant electronic behaviour. Whereas electrons in a partially filled cation shell are 
localized in a transition metal compound. High site symmetry at the cation may leave the 
localized electron manifold orbital degenerate. In this case, the cation becomes a JT ion. 
With localized dn configuration, a cubic crystalline field quenches the orbital angular 
momentum of a twofold orbital degeneracy leaving behind orbital angular momentum at 
a threefold orbital degeneracy. An appropriate local JT site deformation to lower 
symmetry removes the orbital degeneracy at a JT cation; the deformation may be static or 
dynamic. 
In mixed valent manganites, the electronic properties are intimately related to the 
lattice. Many of the interesting phenomena exhibited by them involve a complex 
interplay between the spin, charge and orbital degrees of freedom, accompanied with 
subtle displacements in the crystal lattice. In the perovskite manganites ReFe1-
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xMnxO3 (where Re represents the rare earth cation Gd or Sm), the Mn
3+ ion has a d4 
configuration. In octahedral symmetry, the d level splits into three t2g and two eg orbitals. 
The Mn3+ ion has high-spin configuration, with three electrons occupying the three t2g 
orbitals and one electron occupying the doubly degenerate eg orbitals ast2g
3 eg
1. According 
to the Jahn-Teller (JT) theorem, the structure will distort thereby removing the 
degeneracy of the eg orbitals. In solids, the orbital degree of freedom of the Mn
3+ ion 
often shows long range ordering associated with the cooperative JT effect. It is observed 
for the most extensively studied compounds throughout the ReFe1-xMnxO3 (where Re 
represents the rare earth cation Gd or Sm) series, i.e. ReMnO3, that below a transition 
temperature TJT, the3d3x2−r2and3d3y2−r2 orbitals are ordered in the ab plane in an 
alternating fashion [Fig. 1.9]. Fig. 1.10 shows the energy band structure affected by the 
JT effect.  
 
 
Fig.1.9. The representation of eg and t2g orbitals of Mn
3+ ion. 
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Fig.1.10. The representation of Jahn - Teller effect. 
 
There are two types of distortions associated with the JT effect: Q2 and Q3. The 
Q3 is a tetragonal distortion which results in an elongation or contraction of the MnO6 
octahedron corresponding to the filled 3z2 - r2 orbital or x2 - y2 orbital, respectively [Fig.  
1.11 (a) and (b)]. The Q2 is an orthorhombic distortion [Fig.  1.11 (c)] obtained by a 
certain superposition of the 3z2 - r2 and x2 - y2 orbitals [43, 44]. 
 
Fig.1.11. (a) Q3 distortion with oxygen displacements corresponding to the filled 3z
2 − r2 and (b) 
x2 − y2 orbitals respectively (c) Q2 distortion which stabilizes a certain superposition of   3z
2 − r2 
and x2 − y2 orbitals. 
 
The oxygen framework is described in Pbnm [space group No. 62] symmetry by 
two oxygen positions: the O1 position situated on the mirror plane and attributed to the 
Chapter 1                                                                                            Historical Background 
P a g e  | 24 
out-of-plane oxygens; the O2 position attributed to the in-plane oxygens [see Fig. 1.12 
(a)]. The rotations of the octahedra are reflected in the deviation from 180o of the Mn-O-
Mn tilting angle. The JT effect in (Gd or Sm)MnO3 is dominated by the Q2 distortion 
with alternating long (l) and short (s) Mn-O2 bond lengths in the ab plane and a medium 
out of plane Mn- O1 (m) bond length as shown in Fig.1.12 (b). The medium bond length 
m deviates from the average bond length, such that m < (l + s)/2, indicating that the JT 
distortion is not of a pure Q2 type. A contribution of the Q3 distortion is also present. 
 
 
 
Fig.1.12. (a) The JT distorted perovskite structure (the rotation is not indicated). The cubic and 
orthorhombic unit cells are indicated by thin and thick contours respectively. (b) The ab plane 
highlighting the alternation of the short and long Mn-O distances in a and b directions. 
 
1.3 Electrical properties 
1.3.1 Conduction mechanism in ferrites 
The resistivity of ferrites is higher than metals by several orders of magnitude. 
This is the main advantage of ferrites over ferromagnetic materials because high 
resistivity results in low energy losses. The resistivity of ferrites can vary from 10-2 Ω.cm 
to 1011 Ω.cm depending upon the chemical composition of ferrites [45]. The main cause 
of low resistivity of ferrites is the simultaneous presence of Fe3+ and Fe2+ ions on B-sites 
[46]. The extra electron on Fe2+ ions need little energy to move to similarly situated 
adjacent Fe3+ ions. The valence states of the two ions interchanged. These extra electrons 
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take part in jumping or hopping from one iron ion to the next under the influence of an 
electric field. It is necessary to ensure that there are no Fe2+ ions in the stoichiometric 
ferrite in order to obtain ferrite samples with high resistivity. Temperature dependent 
resistivity (ρ) of ferrites follows Arrhenius relation [45]  
𝜌 = 𝜌0𝑒
𝐸𝑎/𝑘𝑇                                     (1.3) 
where𝜌0 is pre-exponential constant, k is the Boltzmann constant and Ea is activation 
energy which can be interpreted as the energy required for hopping of electrons from one 
lattice site to another. The high activation energy is associated with high resistivity. 
Sometimes, the plot between log 𝜌  and 1/T shows a break which occurs at temperature 
corresponds to the ferrimagnetic Curie temperature (Tc). The electrical resistance of 
ferrites drops with rising temperature and therefore, they are classified as 
semiconductors. Guillaud and Bertrand [47] have measured the electrical resistivity of 
pure magnesium ferrite at room temperature and they found ρ = 63 MΩ cm and at 100°C 
something over 105 Ω cm.  
Ferrites are playing a useful role in magnetic applications owing to low electrical 
conductivity in comparison with that of magnetic metals. The increasing demand of low 
loss ferrites at high frequency resulted in extensive investigation on conductivity and 
therefore control of resistivity is essential in ferrites. Ferrites are ferromagnetic 
semiconductor but conduction mechanism is quite different from semiconductor 
materials. In ferrites, carrier concentration does not depend upon temperature variations. 
Only mobility is a function of temperature. The band type conduction does not occur in 
ferrites due to isolation of metal ions surrounded by oxygen ions. This shows the 
insulating nature of ferrites.  
The conduction in spinel ferrites which are affected by doping can be classified 
into two types: excess or oxidation type and deficit or reduction type, and valence 
controlled action. The other mechanisms which can affect the resistivity of ferrites are: 
grain boundary and structure distortion. The resistivity increases with the addition of 
lower valent cations and decreases with addition of higher valent cations in case of excess 
type. The inverse relationship occurs in the deficit type. It can be seen that Ni-ferrite 
belongs to the deficit type while Mg-ferrite belongs to excess type. This valence 
controlled action was observed at high impurity concentration because the substitution 
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can not produce enough ferrous ions to affect the resistivity at low concentration. It was 
found that there are some exceptions in which the addition of impurity increases the 
resistivity of the excess type to a maximum and then causes a decrease. These impurities 
do not form a solid solution or form a solid solution which is not homogeneous. They 
tend to segregate at the grain boundaries and form highly resistivity substance [48].  
Several mechanisms have been suggested for conductivity in ferrites. These are as 
follows:  
1.  Hopping model.  
2. Small polaron model.  
 
1.3.1.1 Hopping mechanism 
Jonker [49] proposed that materials with extremely low carrier mobility have 
strong probability of the exchangeof the valence state of metal ions, particularly iron 
ions. The ions occasionally come close together during lattice vibration for charge 
transfer. The lattice vibration brings about the conduction. According to hopping model, 
a charge carrier can move from one site to another via jumping or hopping. The carrier 
mobility for jumping of electrons and holes are given by:  
𝜇1 =
𝑒𝑙1𝑓1𝑒
−𝐸1
𝑘𝐵𝑇
𝐾𝑇
                                              (1.4) 
𝜇2 =
𝑒𝑙2𝑓2𝑒
−𝐸2
𝑘𝐵𝑇
𝐾𝑇
                                               (1.5) 
𝜇1and𝜇2represent nobilities for electrons and holes. 𝑙1and 𝑙2 represent jumping length. 
𝑓1and𝑓2 are lattice frequencies active in the jumping process, 𝐸1and 𝐸2 are activation 
energies involved in the required lattice deformation.  
The mathematical expression for total conductivity for materials having two types of 
conductivities can be given as:  
          𝜎 = 𝑛1𝑒𝜇1 + 𝑛2𝑒𝜇2                                           (1.6) 
The temperature variations do not affect the number of charge carriers in the sample. It 
only influences the charge carrier mobility. For hopping conduction, it was concluded 
that:  
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 The mobility has the lowest value much smaller than the limiting value of 0.1 
cm2/Vs taken as a minimum for band conduction.  
 The numbers of charge carriers are fixed in hopping model.  
 
1.3.1.2 Polaron model  
A small polaron is a defect created when electron is trapped in a self-induced 
potential well and may polarize the molecule. The entire defect (carrier plus distortion) 
then migrates by an activated hopping mechanism. The combination of the electron and 
its induced polarization field can be considered as quasi-particle which is called a polaron 
[50]. Small polaron formation can take place in those materials whose conduction 
electrons belong to incomplete inner d or f shells which tend to form extremely narrow 
bands [51] due to small electron overlap. The size of the polaron depends upon the region 
over which the lattice distortion or deformation due to polarization is introduced. In ionic 
crystals, the radius of the distorted region is much bigger than a lattice constant because 
the electron-phonon coupling arises from the long range strong coulomb interaction 
between the electron and optical lattice modes. The polarons in ionic crystals are called 
“large polarons”. In molecular crystals, the radius of the distorted region lies within the 
order of lattice constant because the electron-phonon coupling arises from the short range 
strong coulomb interaction between the electron and optical lattice modes. The polarons 
in ionic crystals are called “small polarons”. The self trapping was first introduced by 
Landau [52]. But still the occurrence of self trapping of electrons in crystal lattice is not 
confirmed. Theoretical study of polaron based on perturbation theory or vibrational 
principles may not be valid for the actual interaction between an electron distorted crystal 
surroundings where the lattice deformation or distortion in shape and extension is a 
function of electron velocity. 
 
1.4 Dielectric properties  
A dielectric, or an electrical insulator, is a substance that is highly resistant to the 
flow of an electric current. Dielectric materials can be solid, liquid, or gases. There are 
lots of applications of dielectric materials. For example, a capacitor containing dielectric 
can be subjected to higher voltage because dielectric is more resistant to ionization than 
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dry air. The use of dielectric in capacitors provides higher capacitance. The relative 
dielectric constant is a measure of the extent to which it concentrates electrostatic lines of 
flux.  
Ferrites naturally combine magnetic and dielectric properties; therefore, they are 
known as natural magnetodielectrics. The dielectric property of ferrites depends upon 
several factors such as method of preparation, sintering conditions, chemical 
composition, and micro structure such as grain size. Ferrites are important magnetic 
materials with a variety of applications due to their magnetic properties and dielectric 
loss. In 1971, Iwauchi [53] presents a strong correlation between dielectric behavior and 
conduction mechanism of ferrites. The conduction mechanism of ferrites can be 
explained by hopping mechanism of electrons between ions of the same element present 
in more than one valence state. The hopping between Fe2+ and Fe3+ on octahedral sites is 
the dominant mode of conduction observed in a large number of ferrites. The higher 
concentration of Fe2+ leads to higher conductivity because the conduction in ferrites is 
due to electron hopping between Fe2+ and Fe3+ on the octahedral sites of spinel structure. 
It is observed that high conductivity ferrites exhibit high dielectric constant. It is the 
number of Fe2+ ions that play an important role in conduction as well as dielectric 
polarization [54]. It is observed by various authors [55, 56] that the dielectric constant is 
high at low frequency and decreases with the increase of frequency. It is low at high 
frequency and becomes less dependent upon the frequency.  
 
1.4.1 Electronic polarization  
          It arises as a result of the displacement of electrons in an atom relative to the 
nucleus [57]. The individual atom has no dipole moment in the absence of applied field. 
When a field E is applied then the electric field displaces the electron density relative to 
the nucleus it surrounds and the atom acquires a dipole moment P as shown in Fig. 1.14. 
This dipole moment is directly proportional to E so that we may write P=αE where α is 
the polarizability of the atom. 
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Fig.1.14 The electronic polarization, the electron cloud is displaced due to applied electric field. 
 
1.4.2 Ionic polarization 
This type of polarization arises when applied electric field produces relative 
displacement of the anion and cation charge centers that causes net dipole moment. The 
magnitude of the dipole moment can be calculated from the relation: P=qdi where q is the 
charge of dipole and di is relative displacement in meters. The nature of electronic and 
ionic polarization is the same because these are caused by the displacement of bound 
charges with respect to each other in the direction of the applied electric field.  
 
1.4.3 Dipolar or orientational polarization  
It is important only for those materials which containcomplex ions having 
permanent dipole moment. These dipoles are free to rotate in liquid or a gas but they can 
not rotate in solids. These dipoles orient along the direction of the applied electric field as 
shown in Fig. 1.15 and the material will acquire a net moment. This is called orientational 
polarization. Thermal agitation tends to randomize the dipoles. It is because of this reason 
the calculation of dipolar polarization has to be made under thermal equilibrium. 
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Without field With field 
Fig.1.15 The orientational polarization, the already exist dipoles are aligned in the direction of 
the external field.  
 
1.4.4 Space charge polarization or interfacial polarization  
This type of polarization arises as a result of accumulation of charges locally as 
they drift through the material locally. The nature of this polarization is different from the 
electronic, orientational and ionic polarization. In case of space charge polarization, 
several factors are responsible for large scale distortion of the electric field [58-60]. 
These factors are:  
1. Pile up of charges in the volume or on the surface of the dielectric.  
2. Change in conductivity at boundaries, cracks and defects, and boundary 
region between the crystalline and amorphous regions within the polymer.  
3. Pile up of charges in the volume or on the surface of the dielectric.  
It may be assumed that a polycrystalline ferrite consists of large domains of well 
conducing material which is separated by thin layers of relatively poor conducting 
material. We consider the example of Maxwell-Wagner to drive the ε′−ω and ε′′−ω 
characteristics due to space charge polarization that exist between two layers of 
polycrystalline ferrite material that have different conductivity. 
𝜀′ = 𝜀∞ +
𝜀𝑠−𝜀∞
1+𝜔2𝜏2
                       (1.7) 
𝜀" =
1
𝜔𝐶0(𝑅1+𝑅2)
+
𝜔𝜏(𝜀𝑠−𝜀∞)
1+𝜔2𝜏2
    (1.8) 
The dielectric constant given by equation (1.7) gives the ε′−ω characteristics for 
space charge polarization. It is identical to the Debye equation, which is the dispersion 
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for interfacial polarization, is identical with dipolar polarization although the relaxation 
time for the former could be much longer. The relaxation spectrum given by equation 
(1.8) consists of two terms; the first term due to conductivity makes an increasing 
contribution to the dielectric loss as the frequency becomes smaller. 
 
1.4.5 Frequency dependence of dielectric constant  
Fig. 1.16 showsthe contribution of polarization mechanism to the dielectric 
constant and their relaxation frequencies for materials having inhomogeneous structure. 
The dielectric constant becomes smaller as each process relaxes because the contribution 
to polarization from that mechanism ceases.  
 
 
Fig.1.16 Frequency dependence of the real and imaginary parts of the dielectric constant. 
 
 
The dielectric constant is given by the equation 𝜀∞ = 𝑛
2 beyond the optical 
frequencies. The interfacial polarization may involve several mechanisms of charge build 
up at the electrode dielectric interface or in the amorphous and crystalline regions of a 
semi-crystalline polymer. Different types of charge carriers are involved depending upon 
the mechanism of charge generation. In dipolar liquids, the orientational polarization 
occurs in the radio frequency to microwave frequency range. In polymers, the dipoles 
may be constrained to rotate or move to a limited extent depending upon whether dipole 
is the part of main chain or side group. Correspondingly, the relaxation frequency may be 
smaller, of the order of a few hundred KHz. In solids, there is a range of allowed 
frequencies, making the present treatment considerably simplified. 
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Chapter 2 
Experimental and Characterization Techniques 
 
2.1 Introduction 
In this chapter the brief description of the experimental techniques used for the 
present work are given. The experimental technique involves: synthesis of the samples by 
the solid state reaction route for bulk/nanostructured and the characterizations techniques 
like X-ray diffraction (XRD), Scanning electron microscopy (SEM), Transmission 
electron microscopy (TEM), Ultraviolet-visible spectroscopy (UV/Vis), Fourier 
Transform Infrared Spectroscopy (FTIR) and differential thermal analysis (DTA) etc. 
 
2.2 Synthesis Routes 
 The synthesis of good quality sample is a key to obtain the desired physical 
properties and single-phase structure. Hence the selection of sample preparation method 
plays an important role. High purity starting materials should be used to avoid the 
introduction of defects into the structure. In order to prepare a single-phase sample, the 
synthesis conditions are also equally important. During synthesis, the parameters like 
temperature, pressure, gas flow and time for the reaction are needed to be varied 
according to the requirements in the sample. The selection of all the parameters has to be 
made to find the conditions, which are best for each sample, and to obtain desired phase. 
Generally, solid state reaction route or ceramic method is preferred for the synthesis of 
manganitesand orthoferrites. 
 
2.2.1  Solid state reaction route 
 All the samples under study are synthesized with solid state reaction route [1]. 
The general steps involved in solid-state reaction route are described below. 
1. All starting materials are high purity powders of oxides, carbonates, nitrides 
etc. They are preheated for appropriate time and temperature in order to 
remove moisture in them. Powders are weighed for desired composition. 
2. In the solid state reaction route, for the reaction to take place homogeneously. 
It is very important to mix and grind the powders thoroughly for longer 
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duration to obtain homogeneous distribution in required proportions of the 
desired stoichiometric compound. 
3. The proper grinding of mixed powders using pestle-mortar reduces the particle 
size as much as possible. This is necessary for obtaining close contact among 
the atoms. 
4. This powdered mixture is then heated in air for the first time. This first 
calcinations process helps to remove the CO2 present in the mixture.  
5. After the first heating, further heating in air, is required to obtain phase purity 
and remove any traces of CO2 present, if any. It is always better to increase 
temperature gradually during the process of heating. 
6. Before final sintering of samples, fine black powder obtained is pressed into 
pellets. 
7. The pellets are sintered in a furnace in air at elevated temperatures to obtain the 
desired structural phase. The samples are allowed to cool in a furnace. 
8. After sintering, the samples may have oxygen content slightly less than the 
required stoichiometry in oxide systems. To reach the optimum oxygen 
content, the samples have to be annealed, preferably in flowing oxygen. Since 
most of physical properties of oxides are rather sensitive to oxygen content and 
ordering, the conditions set during the oxygen annealing are important. For 
appropriate oxygen content, the sintered pellets are usually kept for oxygen 
annealing at a desired temperature for a longer duration and then cooled down 
slowly to ambient temperature. 
The solid-state reaction route has proved to be the most suitable to synthesize the 
reproducible samples of oxide systems. These steps can be followed for synthesis of 
orthoferrites by solid-state reaction route. Oxygen annealing is not required in some cases 
for orthoferrites as these materials possess good stability of oxygen stoichiometry. 
 
2.2.2 Preparation of orthoferrites by solid state reaction: 
 Weigh and mix starting material. 
  Oxides, carbonates, nitrates etc. decompose by heat ~ 1000 °C. 
  Grinding and presintering at 1000 °C and 1100 °C. 
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 Grinding and long presintering at 1000°C to 1150°C. 
 Grinding, add binder if necessary. 
  Final sintering between 1150°C to 1400°C. 
The flow chart of solid reaction method is shown below here: 
 
 
1150°C/ 20 hours 
1200°C/20 hours 
Third 
Heating 
Product: Single Phase (Gd,Sm)Fe1-xMnxO3 (x=0.0, 0.10, 0.20 and 0.30) 
samples 
Grinding with polyline alcohol & then pelletized 
 
SYNTHESIS ROUTE 
SOLID STATE REACTION METHOD 
STOICHIOMETRIC QUANTITIES 
(Gd,Sm)2O
3 
Fe2O3 MnCO3 
All Powders are 99.99% Pure  
Dry mixed in Powder form in Agate Mortar 
1000°C/20 hours 
hrs.1000°C/20hrs 
hrs. 
First 
Heatin
g Grinding thoroughly 
Second 
Heati
ng 
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2.3 Characterization techniques 
In the following section, we have introduced the characterization techniques, 
which we have used during the course of present study. 
 
2.3.1  Structural and morphological studies 
 It is essential to study structural properties of any material in order to determine 
the structural phase of the sample before carrying out any other studies on the material. 
Structural properties are closely related to the chemical characteristics of the atoms in the 
material and thus form the basis on which detailed physical understanding is built. 
Similarly, morphological studies are important for understanding the growth and packing 
density of grains in thin films or polycrystalline bulk materials. There are various 
techniques known to explore the structure and morphology of a material. These are used 
to ascertain single phase samples and detect deviations from the main structure as well as 
extracting the actual structure. The different techniques have different advantages and 
disadvantages and thus complement each other. To study the crystallite nature, phase 
purity and morphology of the samples, other techniques like X-Ray diffraction (XRD), 
Scanning electron microscopy (SEM), Transmission electron microscopy (TEM) etc. 
were used. 
 
2.3.2  X-ray diffraction (XRD) 
X-rays are having very small wavelength so that they can pass through most of 
the solid materials. The wavelength of x-rays is of the same order of magnitude as the 
distances between atoms or ions in a molecule or crystal. While passing through a crystal, 
x-rays are diffracted by atoms at specific angles depending on the x-ray wavelength, the 
crystal orientation, and the structure of the crystal. X-rays are predominantly diffracted 
by electrons and analysis of the diffraction angles produces an electron density map of 
the crystal. Crystallite materials can be described by their unit cell. This is the smallest 
unit describing the material. In the material, the unit cell is then repeated throughout in all 
directions. This will result in planes of atoms at certain intervals. The diffraction method 
is based on this aspect of repetition and on Bragg law which gives a relation between the 
distance from one atomic plane to the next (d) and the angle, θ, at which constructive 
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interference of a reflected monochromatic beam is seen. The Bragg law follows the 
equation given below: 
2𝑑𝑠𝑖𝑛(𝜃)  =  𝑛𝜆    (2.1) 
where d represents interplanar distance, n is the order of reflection (Integer value), λ is 
the wavelength of  x-rays and θ represents the angle between incident/ reflected beam and 
particular crystal planes under consideration. 
 We can see from equation (2.1) (Bragg law) that, we need a beam with a single 
well defined wavelength (monochromatic) in order to avoid interference in more than one 
direction for each planar distance. To obtain angles, the detector can be rotated. The 
wavelength of x-rays should be ~ d. Sintered orthoferrites samples contain grains with 
planes distributed in all the directions. Scanning in 2θ, the angle between the incident 
beam and the diffracted beam, gives a diffraction pattern with peaks corresponding to the 
different planar distances. Fig. 2.1 represents the x-ray diffraction mechanism in 
crystallite solids. 
 
  Fig.2.1 Diffraction of x-rays by crystal planes (Bragg law). 
 
XRD is one of the most versatile techniques for structural characterization. This 
technique is suitable for both forms of samples i.e. for bulk materials as well as for thin 
films. According to Fig. 2.1, two noteworthy things are: a) incident beam, the normal to 
the reflecting plane, and the diffracted beam are always coplanar. b) the angle between 
the diffracted beam and the transmitted beam is always 2θ, which is usually measured 
experimentally. The detailed description of XRD is given in references [2,3]. 
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 An x-ray diffractometer consists of an x-ray source, slits of varying widths, a 
monochromator and a detector. X-ray is obtained by accelerating electrons to collide with 
a target (which was made of copper, for the system used in this project). Two relatively 
high-intensity radiations are emitted during the process: Kα  and Kβ. The average 
wavelength of the Cu Kα lines is 1.54 Ǻ, and that of the Cu Kβ linesare 1.39 Ǻ. In order to 
obtain a monochromatic  x-ray beam, Ni foil can be used to filter out the characteristics 
Cu Kβ radiation, so that the peaks due to Cu Kβ radiations could be absent from the scans. 
 In the experimental geometry, there are four rotating axes of θ(ω), 2θ, χ and 𝜙 for 
different scan modes (Fig. 2.2), as discussed below: 
 
Fig.2.2 Scematic diagram of experimental geometry showing the four primary axes of a 
goniometer, the x-ray tube, detector and slits. 
 
 In a θ-2θ scan, the X-ray source is fixed, and the sample is rotated about an axis (ω-
axis) that is normal to the plane containing the x-ray beam and the detector. The 
detector is rotated at twice the angular speed of the sample rotation, and the strongest 
signals is received for zeroth order (n=1) diffraction. θ-2θ scans can be used to 
determine the out-of-plan lattice parameters, and hence the crystallite phases present 
in the film and their crystallographic orientations. 
 In a ω-scan, the x-ray source and the detector are fixed, and the sample is rocked 
about the ω-axis. The value of the full width at half maximum (FWHM) of the 
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rocking curve reflects the degree of alignment among crystallite grains in the sample. 
Generally, a FWHM of around 1° is considered to be highly-oriented. 
 In a 𝜙 -scan, the source and the detector are fixed at 2θ values corresponding to a 
specific atomic plane separation of the crystal structure. The sample is then tilted to a 
certain angle through the χ axis depending on the crystal structure. The sample is 
rotated about the 𝜙 axis that is normal to the sample stage. The 𝜙 scan can be used to 
determine the in-plane crystal structure, and the epitaxial relation between the film 
and the substrate.  
 Using the cubic structure as an example, if the epitaxial relation of a thin film with 
cubic structure {with (100) out-of-plane orientation} is to be determined, the family 
of (100) planes of the film and the substrate should be selected for investigation. If 
the film is rotated by 45° through the χ axis (that is the line passing through the x-ray 
beam, sample stage and the detector), (101) planes diffractions can be obtained in θ-
2θ scan. As the cubic structure has a four-fold symmetry in (101) planes, four peaks 
of (101̅), (1̅01̅), (1̅01), and (101) planes separated by 90° can be observed in a 360° 𝜙 
scan. If the four peaks of the film match to the peak positions of the substrate, it can 
be concluded that the film is epitaxially grown, cube-on-cube, on the substrate. 
 
2.3.2.1 Rietveld analysis 
 The Rietveld analysis [4, 5] is a refinement method for powder diffraction 
patterns to study the electronic, nuclear and magnetic structures. Once the structure is 
known, the analysis starts with an approximation of the lattice parameters and calculates 
the diffraction pattern for the structure. The structure is described with a large number of 
parameters, as is the experimental set-up. There are nine parameters for the experimental 
equipment: the wavelength, the scale factor, the zero point for 2θ and six parameters for a 
polynomial background. For the typical RFe1-xMnxO3 (ABO3) type perovskite structure, 
most of the parameters have to be refined. The gradient for the weighted sum of squared 
difference between the calculated intensities and the measured intensities, Rp, can be 
determined relative to these parameters. The gradient is then used to change the 
parameters and this is repeated until a minimum in the Rpfunction is reached. The 
definition of Rp and the profile factors have been taken from the FULLPROF manual. 
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Intensity profile factor Rp is defined as   
  
𝑅𝑝 = 100
∑ |𝑦𝑖−𝑖=1,𝑛 𝑦𝑐,𝑖|
∑ 𝑦𝑖𝑖=1,𝑛
                                    (2.2) 
where 𝑦𝑖  is the observed intensity at angular step 𝑖, 𝑦𝑐,𝑖is the corresponding calculated 
intensity. To control the quality of the refinement, several agreement factors were 
calculated. The weighted profile factor Rwpis given by, 
    𝑅𝑤𝑝 =  100 [
∑ 𝑤𝑖|𝑦𝑖−𝑦𝑐,𝑖|
2
𝑖=1,𝑛
∑ 𝑤𝑖𝑖=1.𝑛 𝑦𝑖
2 ]
2
                        (2.3) 
and the expectation profile factor, 
                                                     𝑅𝑒𝑥𝑝  = 100 [
𝑛−𝑝
∑ 𝑤𝑖𝑖 𝑦𝑖
2]
1/2
                     (2.4) 
The Bragg R- factor, 
 𝑅𝐵   =  100
∑ |𝐼𝑜𝑏𝑠,ℎ−𝐼𝑐𝑎𝑙.ℎ|ℎ
∑ |𝐼𝑜𝑏𝑠,ℎ|ℎ
                 (2.5)                                          
and crystallographic RF – factor 
𝑅𝐹   =  100
∑ |𝐹𝑜𝑏𝑠,ℎ−𝐹𝑐𝑎𝑙,ℎ|ℎ
∑ |𝐹𝑜𝑏𝑠,ℎ|ℎ
                                         (2.6) 
and the goodness of fit,  
    𝜒2 = [
𝑅𝑤𝑝
𝑅𝑒𝑥𝑝
]
2
                           (2.7) 
 
Here, Iobs and Ical are the observed and calculated integrated intensities for the different 
Bragg peaks j and (n - p) is the number of degrees of freedom. n is the number of points 
in the pattern observed and p is the number of refined parameters. 
 The refinements of the XRD data of the samples in the present work are carried 
out using FULLPROF program. The order of refining the parameters was: the scale 
factor, the zero point for 2θ, five of the background parameters, the cell parameters, three 
of the peak shape parameters, the ‘z’ co-ordinates, the isotropic displacement parameters, 
the occupation numbers, the fourth peak shape parameter, the anisotropic displacement 
parameters and the last background parameter. A few different routes to convergence 
were tried to confirm an optimal result. The R factors are good indicators if a route is not 
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converging to a reliable result. Anisotropic displacement parameters at the Mn-O sites led 
to better refinements. 
 
2.3.2.2     Precise lattice Parameter Measurement errors 
With a powder diffractometer, it is possible to measure lattice parameters to an 
accuracy of better than 1 part in 10,000. This accuracy cannot be achieved, however, by 
simply applying Bragg’s law to one peak in a diffraction pattern, owing to several 
practical problems. The most serious is that the center of diffraction is not located 
precisely at the center of the goniometer [6]. This is caused by inaccurate sample 
positioning, irregularities of the specimen surface, and, more subtly, by variations in the 
x-ray penetration depth for different materials. The problem is illustrated in Fig. 2.3, 
where the misplaced specimen plane is indicated with a solid line. The specimen 
displacement of Fig. 2.3 causes the measured diffraction peaks to shift to higher angles, 
θ. The shift in detector (and tube) position is 𝑐𝑜𝑠𝜃, which gives an apparent error in 
diffraction angle, 𝛥𝜃: 
𝛥𝜃 =
𝜀𝑐𝑜𝑠𝜃
𝑅
                                                             (2.8) 
whereR is the radius of the goniometer circle. The effect on the lattice parameter is 
obtained by differentiating Bragg’s law, where 𝑑𝑚 and 𝜃𝑚 are the measured interplanar 
spacing and diffraction angle obtained with the shifted specimen take d/dε to Bragg’s 
low: 
𝑑
𝑑𝜀
[2𝑑𝑠𝑖𝑛(𝜃)  =  𝑛𝜆]                               (2.9) 
∆𝑑
∆𝜀
𝑠𝑖𝑛(𝜃) + 𝑑𝑐𝑜𝑠(𝜃)
∆𝜃
∆𝜀
= 0              (2.10) 
Substituting (2.8.) into (2.10), gives [7,8] 
𝛥𝑑
𝑑
=
𝜀𝑐𝑜𝑠2𝜃
𝑅𝑠𝑖𝑛𝜃
                                                 (2.11) 
For orthorhombic  
1
𝑑2
=
ℎ2
𝑎2
+
𝑘2
𝑏2
+
𝑙2
𝑐2
                (2.12) 
Since ℎ, 𝑘 and 𝑙 constant and fixed we can write 
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𝛥𝑑
𝑑
= √(
∆𝑎
𝑎
)
2
+ (
∆𝑏
𝑏
)
2
+ (
∆𝑐
𝑐
)
2
   (2.13) 
And because of symmetry of a, b and c in all the samples, we can take  
𝛥𝑎
𝑎
=
𝛥𝑏
𝑏
=
𝛥𝑐
𝑐
=
𝛥𝑑
√3𝑑
    (2.14) 
Substituting (2.14.) into (2.11), gives  
∆𝑎 =
𝑎𝜀𝑐𝑜𝑠2𝜃
√3𝑅𝑠𝑖𝑛𝜃
     (2.15) 
With a typical specimen shift of 0.25 mm and a radius of the goniometer circle of 
158 mm, the fractional error in interplanar spacing, and hence lattice parameter, is 
typically 8.333×10-4. Fortunately, for crystals with orthorhombic symmetry we can 
correct accurately for this problem by examining the systematic trend of the lattice 
parameters obtained from a series of different Bragg peaks.  
 
Fig.2.3 Effect of sample displacement, ε, on apparent angles of diffraction [6] 
 
2.3.3   Scanning electron microscopy (SEM) 
 Scanning electron microscopy (SEM) uses electrons as probes to form an image 
of the specimen. It is one of the most powerful and productive methods of microscopy yet 
invented. The SEM has allowed researchers to examine a large variety of specimens. 
SEM has many advantages over traditional microscopes. It has a large depth of field, 
which allows more of a specimen to be in focus at one time. The SEM also has much 
higher resolution; so closely spaced specimens can be magnified at much higher levels. 
As the SEM uses electromagnets rather than lenses, it is much more controlled in the 
degree of magnification. All of these advantages, as well as the actual strikingly clear 
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images, make the scanning electron microscope one of the most useful instruments in 
research today.  
 Scanning Electron Microscope (SEM) has become a valuable tool for examination 
and evaluation of materials, both metallic and non-metallic, as well as assemblies and 
surfaces. This is a non-destructive technique in a way that sample can be extracted as 
such after scanning. The sample to be investigated is placed on a specimen stage inside a 
vacuum enclosure of the SEM station and is incident with a finely focused electron beam 
that can be static or swept in a cyclic fashion over the specimen's surface. The resulting 
signals that are produced when the scanning electron beam impinges on the surface of the 
sample include both secondary emission electrons as well as backscattered electrons. 
These signals vary as the result of differences in the surface topography as the scanning 
electron beam is swept across the sample surface. 
 
2.3.3.1 Working of SEM 
 The SEM produces a largely magnified image by using electrons instead of light 
to form an image. A beam of electrons is produced at the top of the microscope by an 
electron gun. The electron beam follows a vertical path through the microscope, which is 
held within vacuum. The beam travels through electromagnetic fields and lenses, which 
focus the beam down towards the sample. Once the beam hits the sample, electrons and 
x-rays are ejected from the sample. 
 Detectors collect these x-rays, backscattered electrons and secondary electrons 
and convert them into a signal that is sent to a screen similar to a television screen. This 
produces the final image. The secondary electrons emission (Fig. 2.4 and 2.5) from the 
specimen surface is usually confined to an area near the beam impact zone that permits 
images to be obtained at a relatively high resolution. These images as seen on a Cathode 
Ray Tube provide a three dimensional appearance due to the large depth of field of the 
SEM and the shadow relief effect of the secondary electrons contrast. Fig. 2.4 represents 
the schematic diagram of SEM explaining the experimental set up. 
 A typical SEM has a working magnification range of 10 to 100,000 diameters. A 
resolution can be attainable ~ 100 Angstroms and a focus of 300 times that of an optical 
microscope. The large depth of field available with a SEM makes it possible to observe 
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three-dimensional objects. The three-dimensional images produced allow different 
morphological features to be correctly interrelated and correctly analyzed [9]. The unique 
advantage of scanning electron microscopy is that it does not need much samples 
preparation activity and also, the thickness of the specimen is not a consideration. The 
surface of the sample may clean and smoothened before it is scanned. This helps in 
achieving better surface morphological and grain size information. 
 
 
 
Fig. 2.4 A diagram showing the working of scanning electron microscope (SEM). 
 
 
Fig. 2.5 The outcomes of incident electron beam in a SEM. 
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2.3.4 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is a microscopy technique in which a 
beam of electrons is transmitted through an ultra-thin specimen, interacting with the 
specimen as it passes through it. An image is formed from the interaction of the electrons 
transmitted through the specimen; the image is magnified and focused onto an imaging 
device, such as a fluorescent screen, on a layer of photographic film, or to be detected by 
a sensor. TEMs are capable of imaging at a significantly higher resolution than light 
microscopes, owing to the small de Broglie wavelength of electrons. This enables the 
instrument's user to examine fine detail even as small as a single column of atoms, which 
is thousands of times smaller than the smallest resolvable object in a light microscope. 
TEM forms a major analysis method in a range of scientific fields, in both physical and 
biological sciences. TEMs find application in cancer research, virology, materials science 
as well as pollution, nanotechnology, and semiconductor research. At smaller 
magnifications TEM image contrast is due to absorption of electrons in the material, due 
to the thickness and composition of the material. At higher magnifications, complex wave 
interactions modulate the intensity of the image, requiring expert analysis of observed 
images. Alternate modes of use allow for the TEM to observe modulations in chemical 
identity, crystal orientation, electronic structure and sample induced electron phase shift 
as well as the regular absorption based imaging. 
The first TEM was built by Max Knoll and Ernst Ruska in 1931, with resolution 
greater than that of light and the first commercial TEM in 1939. In 1986, Ruska was 
awarded the Nobel Prize in physics for the TEM development. Theoretically, the 
maximum resolution, d, that one can obtain with a light microscope has been limited by 
the wavelength (λ) of the photons that are being used to probe the sample, and the 
numerical aperture (NA) of the system [10]. 
𝑑 =
𝜆
2𝑛𝑠𝑖𝑛𝛼
≈
𝜆
2𝑁𝐴
       (2.16) 
In the early twentieth century scientists theorized ways of getting around the 
limitations of the relatively large wavelength of visible light (wavelengths of 400–700 
nanometers) by using electrons. Like all matter, electrons have both wave and particle 
properties (as theorized by Louis-Victor de Broglie), and their wave-like properties mean 
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that a beam of electrons can be made to behave like a beam of electromagnetic radiation. 
The wavelength of electrons is related to their kinetic energy via the de Broglie equation. 
An additional correction must be made to account for relativistic effects, as in TEM an 
electron’s velocity approaches the speed of light (c). [11] 
𝜆𝑒 ≈
ℎ
√2𝑚0+(1+
𝐸
2𝑚0𝑐
2)
      (2.17) 
where h is Planck's constant, m0 is the rest mass of an electron and E is the energy of the 
accelerated electron. Electrons are usually generated in an electron microscope by a 
process known as thermionic emission from a filament, usually tungsten, in the same 
manner as a light bulb, or alternatively by field emission.[11] The electrons are then 
accelerated by an electric potential (measured in volts) and focused by electrostatic and 
electromagnetic lenses onto the sample. The transmitted beam contains information about 
electron density, phase and periodicity; this beam is used to form an image. 
 
Fig.2.6 Layout of various components in a basic TEM. 
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From the top down, the TEM consists of an emission source, which may be a 
tungsten filament, or a lanthanum hexaboride (LaB6) source [12]. For tungsten, this will 
be of the form of either a hairpin-style filament, or a small spike-shaped filament. LaB6 
sources utilize small single crystals. By connecting this gun to a high voltage source 
(typically ~100–300 kV) the gun will, given sufficient current, begin to emit electrons 
either by thermionic or field electron emission into the vacuum. This extraction is almost 
always aided by the use of a Wehnelt cylinder to provide preliminary focus by 
consolidating and directing the electrons in these initial phases of forming the emitted 
electrons into a beam. The upper lenses of the TEM then further focus the electron beam 
to the desired size and location for subsequent interaction with the sample [13]. 
Manipulation of the electron beam is performed using two physical effects. The 
interaction of electrons with a magnetic field will cause electrons to move according to 
the left hand rule, thus allowing for electromagnets to manipulate the electron beam. The 
use of magnetic fields allows for the formation of a magnetic lens of variable focusing 
power, the lens shape originating due to the distribution of magnetic flux. Additionally, 
electrostatic fields can cause the electrons to be deflected through a constant angle. 
Coupling of two deflections in opposing directions with a small intermediate gap allows 
for the formation of a shift in the beam path, this being used in TEM for beam shifting, 
subsequently this is extremely important to scanning transmission electron microscopy 
(STEM). From these two effects, as well as the use of an electron imaging system, 
sufficient control over the beam path is possible for TEM operation. The optical 
configuration of a TEM can be rapidly changed, unlike that for an optical microscope, as 
lenses in the beam path can be enabled, have their strength changed, or be disabled 
entirely simply via rapid electrical switching, the speed of which is limited by effects 
such as the magnetic hysteresis of the lenses. 
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2.3.4 .1 Working of TEM 
 
Fig.2.7 Schematic diagram of an electron gun assembly. 
 
The electron gun (Fig 2.7) is formed from several components: the filament, a 
biasing circuit, a Wehnelt cap, and an extraction anode. By connecting the filament to the 
negative component power supply, electrons can be "pumped" from the electron gun to 
the anode plate, and TEM column, thus completing the circuit. The gun is designed to 
create a beam of electrons exiting from the assembly at some given angle, known as the 
gun divergence semi-angle, α. By constructing the Wehnelt cylinder such that it has a 
higher negative charge than the filament itself, electrons that exit the filament in a 
diverging manner are, under proper operation, forced into a converging pattern the 
minimum size of which is the gun crossover diameter. The thermionic emission current 
density, J, can be related to the work function of the emitting material via Richardson's 
law 
𝐽 = 𝐴𝑇2𝑒𝑥𝑝 (−
Φ
𝑘𝑇
)       (2.18) 
where A is the Richardson's constant, Φ is the work function and T is the temperature of 
the material [14]. This equation shows that in order to achieve sufficient current density it 
is necessary to heat the emitter, taking care not to cause damage by application of 
excessive heat, for this reason materials with either a high melting point, such as 
tungsten, or those with a low work function (LaB6) are required for the gun filament [15]. 
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Furthermore, both lanthanum hexaboride and tungsten thermionic sources must be heated 
in order to achieve thermionic emission, this can be achieved by the use of a small 
resistive strip. To prevent thermal shock, there is often a delay enforced in the application 
of current to the tip, to prevent thermal gradients from damaging the filament, the delay is 
usually a few seconds for LaB6, and significantly lower for tungsten. 
Imaging methods in TEM utilize the information contained in the electron waves 
exiting from the sample to form an image. The projector lenses allow for the correct 
positioning of this electron wave distribution onto the viewing system. The observed 
intensity, I, of the image assuming sufficiently high quality of imaging device, can be 
approximated as proportional to the time-average amplitude of the electron wave 
functions, where the wave which form the exit beam is denoted by (Ψ).[16] 
𝐼(𝑥) =
𝑘
𝑡1−𝑡0
∫ ΨΨ∗𝑑𝑡
𝑡1
𝑡0
     (2.19) 
Different imaging methods therefore attempt to modify the electron waves exiting 
the sample in a form that is useful to obtain information with regards to the sample, or 
beam itself. From the previous equation, it can be deduced that the observed image 
depends not only on the amplitude of beam, but also on the phase of the electrons, 
although phase effects may often be ignored at lower magnifications. Higher resolution 
imaging requires thinner samples and higher energies of incident electrons. Therefore the 
sample can no longer be considered to be absorbing electrons, via a Beer's law effect, 
rather the sample can be modeled as an object that does not change the amplitude of the 
incoming electron wave function, the sample modifies the phase of the incoming wave; 
this model is known as a pure phase object, for sufficiently thin specimens phase effects 
dominate the image, complicating analysis of the observed intensities [16]. For example, 
to improve the contrast in the image the TEM may be operated at a slight defocus to 
enhance contrast, owing to convolution by the contrast transfer function of the TEM [17] 
which would normally decrease contrast if the sample was not a weak phase object. 
Samples can exhibit diffraction contrast, whereby the electron beam undergoes Bragg 
scattering, which in the case of a crystalline sample disperses electrons into discrete 
locations in the back focal plane. By the placement of apertures in the back focal plane, 
i.e. the objective aperture, the desired Bragg reflections can be selected (or excluded), 
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thus only parts of the sample that are causing the electrons to scatter to the selected 
reflections will end up projected onto the imaging apparatus. If the reflections that are 
selected do not include the unscattered beam (which will appear up at the focal point of 
the lens), then the image will appear dark wherever no sample scattering to the selected 
peak is present, as such a region without a specimen will appear dark. This is known as a 
dark-field image. 
 
2.3.5 UV/Vis. Spectroscopy  
 Ultraviolet-visible spectroscopy (UV/ Vis.) involves the spectroscopy of photons 
in the UV-visible region. It uses light in the visible and adjacent near ultraviolet (UV) and 
near infrared (NIR) ranges. In this region of the electromagnetic spectrum, molecules 
undergo electronic transitions. UV/Vis. spectroscopy is routinely used in the quantitative 
determination of solutions of transition metal ions and highly conjugated organic 
compounds. One of the most important applications of this technique is the determination 
of optical band gap energy of semiconductors. Schematic diagram of UV/Vis 
spectrometer and its photograph have been shown in Fig. 2.8 and 2.9 respectively. 
 The band gap is energy difference between the bottom of the conduction band to 
the top of the valence band, the specific minimum amount of energy requires for an 
electron to jump (transfer) from valence band to conduction band is called the band gap 
energy. It is important in the identification of the nature of material, that if the band gap 
energy is so large for the electron to jump then the material is insulator. For the 
semiconductors, the band gap is < 3 eV and it can be controlled with the doping of 
suitable materials [18]. 
 The optical band gap (Eg) is defined as the energy where the absorption 
coefficient has a value >104 cm-1. It can be calculated using the Tauc relation [19] as 
αhʋ = A (hʋ - Eg)m.      (2.20) 
where α is absorption coefficient. The reflectance (R) can be converted into absorbance 
(A) using the relation A = -log (R). The absorption coefficient (α) by usingα=2.303 (A/t), 
where t is the thickness of cuvette in which sample is filled and hʋ is the photon energy. 
The values of Eg can be determined by taking the intercept of the extrapolation to zero 
absorption with photon energy axis i.e.  (αhʋ )2 → 0. 
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Fig. 2.8 Schematic diagram of UV/Vis. spectrophotometer. 
 
Fig. 2.9 Photograph of Elmer LAMBDA UV/Vis spectrophotometer in the Department of Physics, 
AMU, Aligarh, India. 
 
2.3.6 Fourier Transform Infrared Spectroscopy (FTIR) 
 FTIR is mostly useful in identifying chemicals that are either organic or 
inorganic. It can be utilized to get information of some components of an unknown 
mixture. It can be applied to the analysis of solids, liquids, and gases. The term Fourier 
Transform Infrared Spectroscopy (FTIR) refers to a fairly recent development in the 
manner in which the data is collected and converted from an interference pattern to a 
spectrum. Nowadays, FTIR instruments are computerized which makes them faster and 
more sensitive than the older dispersive instruments. 
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2.3.6.1   Qualitative analysis 
 FTIR can be used to identify chemicals from spills, paints, polymers, coatings, 
drugs, and contaminants. FTIR is perhaps the most powerful tool for identifying types of 
chemical bonds (functional groups). The wavelength of light absorbed is characteristic of 
the chemical bond. By interpreting the infrared absorption spectrum, the chemical bonds 
in a molecule can be determined. FTIR spectra of pure compounds are generally so 
unique that they are like a molecular "fingerprint". While organic compounds have very 
rich, detailed spectra, inorganic compounds are usually much simpler. For most common 
materials, the spectrum of an unknown can be identified by comparison to a library of 
known compounds. To identify less common materials, IR will need to be combined with 
nuclear magnetic resonance, mass spectrometry, emission spectroscopy, x-ray diffraction, 
and/or other techniques. 
 
2.3.6.2 Physical principles 
Molecular bonds vibrate at various frequencies depending on the elements and the 
type of bonds. For any given bond, there are several specific frequencies at which it can 
vibrate. According to quantum mechanics, these frequencies correspond to the ground 
state (lowest frequency) and several excited states (higher frequencies). One way to cause 
the frequency of a molecular vibration to increase is to excite the bond by having it 
absorb radiation energy. For any given transition between two states the radiation energy 
(determined by the wavelength) must exactly equal the difference in the energy between 
the two states [usually ground state (E0) and the first excited state (E1). 
Difference in the energy state = energy absorbed 
𝐸1 – 𝐸0  =  
ℎ𝑐 
𝜆
                (2.21) 
where h is the Planck’s constant, c is the velocity of the light and λ is the wavelength of 
the light. 
The energy corresponding to these transitions between molecular vibrational 
states is generally 1-10 kilocalories/mole which corresponds to the infrared portion of the 
electromagnetic spectrum. 
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Fig. 2.10 Photograph of a FTIR (TENSON-37 detector) spectrometer in Department of Physics, 
Aligarh Muslim University, Aligarh, India. 
 
2.3.7 Thermal analysis 
2.3.7.1 Definition 
The term thermal analysis (TA) is frequently used to describe analytical 
experimental techniques which investigate the behaviour of a sample as a function of 
temperature. This definition is too broad to be of practical use. Here, TA refers to 
conventional TA techniques such as differential thermal analysis (DTA), 
thermomechanical analysis (TMA) and thermogravimetry analysis (TGA). Qualitatively, 
a huge variety of materials over a considerable temperature range has been pivotal in 
their acceptance as analytical techniques. Under normal conditions only limited training 
of personnel is required to operate a TA instrument. This coupled with the fact that 
results can be obtained relatively quickly, means that TA is employed in an ever 
increasing range of applications.  
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2.3.7.2 Characteristics of Thermal Analysis 
The advantages of TA over other analytical methods can be summarized as follows: 
(i) The sample can be studied over a wide temperature range using various 
temperature programs.  
(ii)  Almost any physical form of sample (solid, liquid or gel) can be accommodated 
using a variety of sample vessels or attachments. 
(iii) Only a small amount of sample (0.1 μg-10 mg) is required. 
(iv)  The atmosphere in the vicinity of the sample can be standardized. 
(v)  The time required to complete an experiment ranges from several minutes to 
several hours. 
(vi)  TA instruments are reasonably priced. In polymer science, preliminary 
investigation of the sample transition temperatures and decomposition 
characteristics is routinely performed using TA before spectroscopic analysis is 
begun. 
TA data are indirect and must be collated with results from spectroscopic 
measurements (for example NMR, FTIR spectroscopy, X-ray diffractometry) before the 
molecular processes responsible for the observed behaviour can be elucidated. 
Irrespective of the rate of temperature change, a sample studied using a TA instrument is 
measured under non equilibrium conditions, and the observed transition temperature is 
not the equilibrium transition temperature. The recorded data are influenced by 
experimental parameters, such as the sample dimensions and mass, the heating/cooling 
rate, the nature and composition of the atmosphere in the region of the sample and the 
thermal and mechanical history of the sample. The precise sample temperature is 
unknown during a TA experiment because the thermocouple which measures the sample 
temperature is rarely in direct contact with the sample. Even when in direct contact with 
the sample, the thermocouple cannot measure the magnitude of the thermal gradients in 
the sample, which are determined by the experimental conditions and the instrument 
design. The sensitivity and precision of TA instruments to the physicochemical changes 
occurring in the sample are relatively low compared with spectroscopic techniques. TA is 
not a passive experimental method as the high-order structure of a sample (for example 
crystallinity, network formation, and morphology) may change during the measurement. 
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On the other hand, samples can be annealed, aged, cured or have their previous thermal 
history erased using these instruments. 
 
2.3.7.3 Conformation of thermal analysis instruments 
            The general conformation of TA apparatus, consisting of a physical property 
sensor, a controlled-atmosphere furnace, a temperature programmer and a recording 
device, is illustrated in Fig. 2.11. Modern TA apparatus is generally interfaced to a 
computer (work station) which oversees operation of the instrument controlling the 
temperature range, heating and cooling rate, flow of purge gas and data accumulation and 
storage. A trend in modern TA is to use a single work station to operate several 
instruments simultaneously. TA apparatus without computers is also used where the 
analogue output signal is plotted using a chart recorder. Data are accumulated on chart 
paper and calculations performed manually. The quality of the data obtained is not 
diminished in any way. The accuracy of the results is the same provided that the 
apparatus is used properly and the data are analyzed correctly.  
 
 
Fig.2.11. Left: block diagram of thermal analysis apparatus. Right: STA-8000 Perkin Elmer in 
Department of Physics, Aligarh Muslim University, Aligarh, India. 
 
2.3.8 LCR Meter 
The dielectric properties can be studied with a parallel plate capacitor coupled to 
LCR meter (Agilent 4285 A) precision as shown in Fig.2.12, capable to measure in 
frequencies ranging between 75 kHz to 30 MHz in 100 Hz steps. The samples were 
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pressed and pelletized at a pressure of 5-tons into a disc shape and silver paint was used 
to make a good electrical contact, in order to form parallel plate capacitor geometry. 
A comprehensive range of functions enables a component to be accurately 
characterized over a wide range of frequencies. The Graphical User Interface (GUI) 
combined with the large touch screen TFT display enables measurement parameters to be 
modified easily and quickly. The instruments may be remotely controlled using the GPIB 
or LAN interfaces. 
 
2.3.8.1 Measurements Parameters 
A comprehensive range of AC functions enables a wide range of components to be 
accurately characterized. 
 Each measurement displays two user selectable component parameters, which 
allow specific component characteristics to be monitored. 
 Capacitance(C)  Inductance(L) 
 Resistance(R)  Reactance(X) 
 Conductance(G)  Susceptance(B) 
 Dissipation Factor(D)  Quality Factor(Q) 
 Impedance(Z)  Admittance(Y) 
 
                   Fig.2.12. Photograph of a precession LCR meterand Sample Holder. 
All the above functions can be selected via manual front panel control or 
controlled remotely via the GPIB or LAN interfaces for fully- automated high speed 
testing. Every material has a unique set of electrical characteristics, which are dielectric 
properties, like permittivity, permeability, resistivity, conductivity, etc. A material is 
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classified as “dielectric” if it has the ability to store energy when an external electric field 
is applied. In other words, materials, which are electric insulators or in which an electric 
field can be sustained with a minimum dissipation of power, are known as dielectric 
materials. Simply, dielectrics are insulating materials. In dielectrics, all the electrons are 
bound to their parent molecules and there are no free charges. Even with normal voltage 
or thermal energy the electrons are not released. Dielectrics are nonmetallic materials of 
high specific resistance and have negative temperature coefficient of resistance. The 
dielectric characteristics of the material are important to study the lattice dynamics in the 
crystal. It is important to note that permittivity and permeability are not constant. They 
can change with frequency, temperature, orientation, mixture, pressure, and molecular 
structure of the material. Many authors have discussed various dielectric properties, 
dielectric applications and dielectric theories in details [20-24]. Classical theory of 
dielectric constant was given by Kachhava and Saxena [25]. Also, the predecessors of the 
present author have described the dielectric properties in detail [26-29], therefore, it is 
avoided in the present thesis. In the present investigation, the dielectric study was carried 
out by measuring different parameters such as capacitance and dielectric loss of the 
pressed pellets of samples of known dimension at room temperature on Agilent 4284 A 
precession Inductance, Capacitance and Resistance (LCR) meter using specially designed 
sample holder, within the frequency range from 1 kHz to 1 MHz. Fig. 2.12 shows the 
photograph of the set up. The powdered samples were pelletized by using a die of 1 cm 
diameter and applying 2 ton pressure. The pellets were placed in a suitably design spring 
loaded holder that is also shown in Fig. 2.12. 
 
2.3.8.2   Dielectric & Impedance Spectroscopy 
A dielectric material is an electrically insulating (nonmetallic) material that 
exhibits an electric dipole structure; that is, there is a separation of positive and negative 
electrically charged entities on a molecular or atomic level. As a result of dipole 
interactions with electric fields, dielectric materials are utilized in capacitors. 
Dielectric constant is usually used to get the capability of an insulator to store 
electrical energy. Various polarization mechanisms in solids such as atomic polarization 
of the lattice, orientational polarization of dipoles, space charge polarization etc. can be 
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explicit readily by recitation the dielectric properties as a function of frequency and 
temperature. In general, the dielectric constant is the ratio of the capacitance induced by 
two metallic plates with an insulator between them to the capacitance of the same plates 
with air or a vacuum between them. It scales the inefficacy of an insulating material. If 
the material is to be used for firmly insulating reason, it would be better to have a lower 
dielectric constant. The dielectric constant of solids can greatly vary in magnitude with 
variations in their structural properties. Any mechanism of polarization can proceed in 
solid bodies. 
A vacuum capacitor with an electric field E between its metallic plates has an 
interfacial charge; 
EQO 0                                                           (2.22) 
where ɛ0=8.854×10-12 F/m is the dielectric permittivity of free space. If the field E varies 
with temperature, the charge Q0 follows accurately, there is no "inertia" in the vacuum 
response. If the capacitor is filled with a material medium-gaseous, or solid, the charge 
induced is increased by the polarization P of the medium, so; 
  EE1PQQ 0O     (2.23) 
where  is the permittivity and  is the susceptibility of the dielectric medium. The 
dielectric constant,  of the sample was computed using the formula; 
0
'
C
C
                                                             (2.24) 
where C is the measured capacitance and ,
t
A
εCO 0=  where, 0 is the permittivity of free 
space, A is area of the electrode and t is thickness of the sample. The loss tangent is the 
dissipation factor itself. 
Carrier polarization covers a very wide range of mechanisms and materials, the 
one common feature being that the charge carriers involved move by discontinuous 
hopping jumps between localized sites, they may be electrons, polarons or ions. Electrons 
or polarons normally jump between sites randomly distributed in space and in energy but 
it is almost impossible to differentiate between them experimentally. The d.c. 
conductivity is strong-minded by hops in percolation paths between the two electrodes, 
whereas the a.c. conductivity is thought to arise from more limited displacements. In 
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contrast, ions move typically over much smaller nearest-neighbour distances and it is 
particularly interesting to note, therefore, that neither the magnitude of the a.c. 
conductivity and its activation energy nor its frequency dependence can be taken as 
reliable guides to the nature of the dominant carrier responsible for polarization [30]. 
 
2.3.8.3 Dissipation factor  
Dissipation factor (tan) is the reciprocal of the ratio between the insulating 
materials capacitive reactance to its resistance at a specified frequency. The dielectric 
loss in an insulating material that can be described by the power dissipated per unit 
volume, called the specific loss, often, in evaluating the degree to which a dielectric can 
dissipate the energy of the field; use is made of the angle dielectric loss and also the 
tangent of this angle. 
The dielectric loss angle  is the complement of the dielectric phase angle to 90o. 
The angle is the angular difference in phase between the voltage and current in the 
capacitive circuit, in the ideal case, the current phase or in such a circuit will lead the 
voltage phase or by 90o, and the loss angle will be zero. As the thermal dissipation of 
the electrical energy rises, the phase angle decreases, but the dielectric loss angle grows 
and so does its function tan. 
In a dielectric material, there will be some power loss due to that some work has 
been done to overcome the frictional damping forces encountered by the dipoles for the 
duration of their rotation. If an a.c. field is assumed, then in an ideal case the charging 
current, Ic, will be 90
o out of phase by the voltage. Other than in the majority of the 
capacitors due to the absorption of electrical energy, some loss current, IL, will also be 
formed, which will be in phase with the voltage. Charging current, Ic, and loss current, IL, 
will build angles and correspondingly with the total current I, passing through the 
capacitor. The loss current is demonstrated by sinof the total current I. Usually sinis 
known as the loss factor but when d is small, the sin= = tan. The two components 
έand ʺ of the complex dielectric constant will be frequency dependent, 
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   OO E/cosD                           (2.25)
 
   OO ESinD /      (2.26) 
As the displacement vector (Do) is a time varying field will not be in phase with E and 
hence, there will be a phase difference d between them, we have   
 
 
 




tan                                                  (2.27) 
2.3.8.4 AC Conductivity 
The total conductivity σtot(ω) at a particular angular frequency, ω, and at a certain 
temperature can be written as [31]; 
𝜎𝑡𝑜𝑡(𝜔)  =  𝜎𝑎𝑐(𝜔) +  𝜎𝑑𝑐    (2.28) 
whereσac(ω) is the AC conductivity and σdc is the DC conductivity. It is noted that 
equation (2.28) is valid when the AC and DC conductivities arise from completely 
separate mechanisms; otherwise the DC conductivity represents the AC conductivity in 
the limit ω → 0[32]. 
The AC conductivity, σac(ω), has a frequency dependence given by the equation;  
𝜎𝑎𝑐(𝜔) =  𝜎0 + 𝐴𝜔
𝑠       (2.29) 
where σ0 is the DC conductivity, and ‘s’ and ‘A’ are characteristic parameters “A” 
defines the strength of polarizability and “s” presents the degree of interaction between 
mobile ions with the lattice. The exponent s is in the range between 0 and 1. It has been 
used frequently in recent years to characterize the electrical conduction in different 
materials. 
In order to understand the mechanism of conduction and the type of polarons 
responsible for conduction ac conductivity (σac) was calculated using the following 
relation, 
𝜎𝑎𝑐  = 𝜔𝜀𝑜𝜀′𝑡𝑎𝑛𝛿 =  2𝜋𝑓𝜀𝑜𝜀′𝑡𝑎𝑛𝛿     (2.30) 
where𝜀𝑜  =  8.854 ×10
−12 F/m 
The conductivity data may be fitted to straight lines, where conductivity can be 
analyzed by an Arrhenius equation (Jonscher’s law) of the form [33]; 
𝜎 = 𝜎0𝑒𝑥𝑝 − ∆𝐸/𝑘𝐵𝑇       (2.31) 
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where σ0 is the pre-exponential factor and ∆E is the activation energy for conduction. 
The electric analysis carried out is declined according to two different aspects: 
measurements under continuous mode (direct current DC) and others under alternative 
mode (alternative current (AC). The latter is performed under low field and 
comprehensively reveals more in-depth the intrinsic mechanisms of conduction into 
sample even if the electrodes have their role (electrode processes). Several theoretical 
models [34-39] can be invoked to interpret the AC conduction mechanism: 
1) The correlated barrier hopping CBH model: when the values of ‘s’ 
decrease with the increase in temperature. 
2) The overlapping large polaron tunnelling OLPT model: the exponent ‘s’ 
depends on both temperature and frequency and drops with the increase 
in temperature to a minimum value and then rises when the temperature 
increases. 
3) The non-overlapping small polaron tunnelling NSPT model: when the 
exponent ‘s’ which is temperature-dependent increases with the increase 
in temperature. 
4) The quantum mechanical tunnelling QMT model: when the exponent ‘s’ 
increases slightly with the increase in temperature or is independent of 
temperature. 
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 Chapter 3 
 
This chapter is divided in two sections, namely Section A and Section B. Section-A 
contains the Structural and Morphological Properties Mn Doped GdMnO3 and  
section-B deals with the Structural and Morphological Properties Mn Doped SmFeO3. 
 
Section A 
 
Structural and Morphological Properties Mn Doped GdFeO3 
 
3.1 Motivation and introduction 
Rare earth orthoferrites of the chemical formula RFeO3(where R is the rare 
earth ion) show diverse magnetic and electrical properties due to interaction of R3+ and 
Fe3+ ions. These materials are important candidate for several applications due to 
possibility of ultrafast control of spins [1-8]. This property makes these orthoferrites as 
potential materials for the spintronic devices. GdFeO3 is one of the important members of 
rare earth orthoferrites that crystallizes in orthorhombic distorted perovskite phase, with 
Gd3+ ions at the corners of the cube and Fe3+ions at the body center positions [2, 3]. The 
magnetic sub-structure is composed of two interpenetratingpseudo-cubic face-centred 
sub-lattices of Fe3+ions, where each Fe3+ ion is surrounded by six O2- ions, forming FeO6 
octahedron. The doping at Fe site produces distortion in the FeO6 octahedron and hence 
the strain in the lattice. This lattice strain plays the pivotal role in governing the 
properties of GdFeO3. In the literature, we do not find any study on the determination of 
lattice strain and stress produced in the GdFeO3 on doping at Fe site. Moreover, 
GdFeO3is typically used for terahertz sensor, frequency tunable terahertz lasers, and 
magneto-optical data storage [9, 10]. In view of above we have synthesized             
GdFe1-xMnxO3 (x=0.0, 0.10, 0.20, and 0.30) and studied their structural, morphological 
and dielectric properties. 
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3.2 Sample preparation and experimental details 
We have employed the standard solid state reaction route to prepared 
nanocrystalline samples of GdFe1-xMnxO3(x=0.0, 0.1, 0.2, and 0.3). The stoichiometric 
amounts of high purity MnCO3, Fe2O3, and Gd2O3, powders are mixed together 
thoroughly and preheated at 1000 ºC for 20 hours. After first heat treatment, these 
samples are ground again and sintered at 1150 ºC, with two intermediate grindings. 
Finally, the mixtures are pressed into pellets and followed by sintering in air at 1200 ºC 
and cooled down to room temperature slowly at the rate of 5°C/min. The crystal structure 
of the sample is analyzed by x-ray diffraction (XRD) using Shimadzu LabX XRD-6100 
advance diffractometer (Cu-Kα radiation) at room temperature in the 2θ range of 20°-80°. 
SEM with EDAX is taken for the sampleswith JEOL JSM-6510LV low vacuum scanning 
electron microscope (SEM). All the samples are coated with gold before taking SEM 
micrographs. Transmission electron microscope (TEM) images are taken for the samples 
with JEOL JEM-2100 low vacuum transmission electron microscope. 
 
3.3 Results and Discussion. 
3.3.1 Structural Analysis. 
X-ray powder diffraction (XRD) patterns for GdFe1-xMnxO3 (0< x <0.3) recorded 
at room temperature show that all the samples are in single phase with no detectable 
secondary phases as shown in Fig. 3.1. Further, these samples have orthorhombic crystal 
symmetry with Pbnm space group. The lattice parameters are determined using PowderX 
software and crystallite sizes are calculated using Sherrer equation. Since Mn3+ is a 
magnetic cation and it does not change its valency therefore, when substituted at Fe3+ site 
may produce an average radius suitable for a perovskite structure, also ionic radii of Fe3+ 
is 0.067 nm and that of Mn3+ is 0.064 nm therefore it is obvious that lattice parameters 
and unit cell volume would decrease with the increase in Mn concentration as shown in 
Fig. 3.2. The crystallite sizes are found to lie in the range of 34 to 37 nm. The lattice 
parameters and crystallites sizes for all the samples are tabulated in Table 3.1. We believe 
that introducing Mn at Fe site will cause a distortion in FeO6 octahedron. Consequently, 
Mn–O–Mn and Fe-O-Fe bond angles decrease with the increase in Mn concentration 
while Fe-O andMn-O bond length increases as displayed in Table 3.1. Further, the 
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distortion of FeO6 octahedron induces strain in the lattice. That is reflected in the shift of 
the most intense peak towards higher value of 2θ with the increase in Mn doping (x=0.10 
and 0.20) but further doping (x=0.30) shifts the peak towards lower value as shown in 
Fig. 3.3.  
 
Fig.3.1. X-ray diffraction patterns of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). The experimental 
data points are indicated by red circles, and the calculated profile by black solid circles. The 
lowest curve shows the differences between the experimental and the calculated data. The vertical 
bars indicate the expected reflection positions for orthorhombic structure. 
 
.  
Fig. 3.2 Effect of Mn doping (x) on volume of the unit cell volume and lattice constants. 
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Fig. 3.3 Shift of most intense peak as Mn concentration. 
 
Table.3.1 Refined structural parameters of GdFe1-xMnxO3 (x = 0.0, 0.1, 0.2 and 0.3) at room 
temperature. 
Structural  
Parameters 
x = 0.0 x = 0.1 x = 0.2 x = 0.3 
a (Ǻ) 5.3465(3)±0.0045 5.3460(3)±0.0045 5.3457(3)±0.0045 5.3455(3)±0.0045 
b (Ǻ) 5.6058±(3)0.0046 5.6064(3)±0.0046 5.6063(3)±0.0046 5.6059(3)±0.0046 
c (Ǻ)  7.6653(4)±0.0064 7.6649±(4)0.0064 7.6648±(4)0.0064 7.6646(4)±0.0064 
V (Ǻ)3 229.74(4) 229.73(4) 229.71(4) 229. 68(4) 
D (nm) 
 Particle size 
34.11 34.11 37.22 37.22 
Fe–O (Å) 2.006(2) 2.061(2) 2.138(2) 2.143(2) 
Gd–O1 (Å) 2.202(2) 2.176(2) 1.953(2) 1.892(2) 
Gd–O2 (Å) 2.494(2) 2.474(2) 2.309(2) 2.430(2) 
Mn-O (Å) - 2.061(2) 2.138(2) 2.143(2) 
(Mn-O-Mn) 
(θ) 
- 136.2(3) 126.4(3) 125.9(3) 
(Fe-O-Fe) 
(θ) 
145.6(3) 136.2(3) 126.4(3) 125.9(3) 
Rp (%) 16.3 15.8 14.8 13.2 
Rwp 12.4 14.3 13.6 14.7 
Rexp 10.6 12.9 12.8 11.7 
χ2 
1.37 1.23 1.13 1.58 
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3.3.2 Williamson-Hall-analysis  
3.3.2.1 Uniform deformation model (UDM) 
The significance of the broadening of peaks indicates grain refinement along with 
the strain associated with the samples. The instrumental broadening (βhkl) was corrected, 
corresponding to each diffraction peak using the relation [11]: 
𝛽ℎ𝑘𝑙 = [(𝛽ℎ𝑘𝑙)
2
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
− (𝛽ℎ𝑘𝑙)2
𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙
]
1
2           (3.1) 
The average crystallite size was calculated using Scherrer equation: 
𝐷 =  
𝐾 𝜆
𝛽ℎ𝑘𝑙 𝑐𝑜𝑠 𝜃
                                                                   (3.2)      
where D represents crystallite size, K is the shape factor (0.89), and λ represents 
wavelength of Cu-Kα radiation. The strain induced in samples due to crystal imperfection 
and distortion was calculated using the formula: 
ɛ = 
βhkl
4 𝑡𝑎𝑛θ
                                                                               (3.3) 
From equations (3.2) and (3.3), it is evident that the crystallite size and strain 
varies as 1/cosθ and tanθ. Assuming that the crystallite size and strain contributions to 
line broadening are independent to each other and both have a Cauchy-like profile, the 
observed line width is simply the sum of equations (3.2) and (3.3). 
βhkl = 
K λ
𝐷 cos θ
 +4ɛtan θ                                                          (3.4) 
On rearranging the above equation, we get, 
𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
𝐾𝜆
𝐷
  +  4 ɛ𝑠𝑖𝑛𝜃                                            (3.5) 
The above equation is Williamson-Hall equation under the uniform deformation 
model. The strain is assumed to be uniform in all crystallographic directions, thus 
considering the isotropic nature of the crystal, where the material properties are 
independent of the direction along which they are measured. The full width at half 
maximum (FWHM) (β) and the angle θ for a particular peak are determined from XRD 
patterns. The βcos(θ) versus 4sin(θ) graphs are plotted and fitted linearly to estimate 
crystallite size and strain for different Mn concentrations as shown in Fig.3.4. These 
parameters are tabulated in Table 3.2. 
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Fig. 3.4 βcos(θ) versus 4sin(θ) plots with linear fit of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3). 
 
Table.3.2 Crystallite size and strain for GdFe1-xMnxO3 (x=0, 0.10, 0.20, 0.30) as estimated using 
Williamson-Hall plots under UDM model. 
Strain Crystallite 
Size(nm) 
Slope Intercept 
(βcos(θ)) 
Composition 
1.01×10−7 ∓ 2.33×10−9 35.3 1.01×10
−7
∓ 2.33×10−9 
3.88×10−3
∓ 4.07×10−5 
GdFeO3 
1.20×10−7 ∓ 1.05×10−8 37.0 1.20×10
−7
∓ 1.05×10−8 
3.70×10−3
∓ 1.29×10−4 
GdFe0.9Mn0.1O3 
1.48×10−7 ∓ 3.28×10−8 37.2 1.48×10
−7
∓ 3.28×10−8 
3.68×10−3
∓ 4.05×10−4 
GdFe0.8Mn0.2O3 
1.56×10−7 ∓ 2.09×10−8 40.8 1.56×10
−7
∓ 2.09×10−8 
3.36×10−3
∓ 5.15×10−4 
GdFe0.7Mn0.3O3 
 
3.3.2.2 Uniform deformation stress model (UDSM) 
In this model, uniform deformation stress and uniform deformation energy 
density were taken into account assuming the anisotropic natureof Young’s modulus of 
the crystal whichis more realistic [12-14]. The generalized Hook’s law referred to the 
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strain, keeping only the linear proportionality between the stress and strain, i.e., (σ = Eε). 
Here, the stress is proportional to the strain, with the constant of proportionality being the 
modulus of elasticity or Young’s modulus, denoted by E. Inthis approach, the 
Williamson-Hall equation is modified by substituting the value of ε in equation 3.5; we 
get  
𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
𝐾𝜆
𝐷
  +  
4 𝜎𝑠𝑖𝑛𝜃
𝐸ℎ𝑘𝑙
                                                            (3.6) 
Ehkl is Young’s modulus in the direction perpendicular to the set of the crystal 
lattice planes (hkl). The uniform stress and crystallite size can be calculated from the 
slope and intercept of the linear fit of the graph plotted between 4sinθ/Ehkl and βhklcosθ, 
as shown in Fig. 5. The strain can be measured if Ehklis related to their elastic 
compliances Sij. The expression for the reciprocal of Young‘s modulus E in the direction 
of the unit vector li in the orthorhombic crystal symmetry with Pbnm space group is given 
by; [15-17] 
1
𝐸ℎ𝑘𝑙
= 𝑙1
4𝑆11 + 2𝑙1
2𝑙2
2𝑆12 + 2𝑙1
2𝑙3
2𝑆13 + 𝑙2
4𝑆22 + 2𝑙2
2𝑙3
2𝑆23 + 𝑙3
4𝑆33 + 
𝑙2
2𝑙3
2𝑆44 + 𝑙1
2𝑙3
2𝑆55 + 𝑙1
2𝑙2
2𝑆66                                                                       (3.7) 
The angle between two different crystal directions[h1k1l1]and[h2k2l2] for an orthorhombic 
system is; [18] 
cos(𝜑) =
𝑎2ℎ1ℎ2+𝑏
2𝑘1𝑘2+𝑐
2𝑙1𝑙2
√(𝑎2ℎ1
2+𝑏2𝑘1
2+𝑐2𝑙1
2)(𝑎2ℎ2
2+𝑏2𝑘2
2+𝑐2𝑙2
2)
                                             (3.8) 
By taking l1 crystal direction between [100] and [hkl], l2 crystal direction between 
[010] and [hkl], and l3crystal direction between [001] and [hkl], and using equations (3.7) 
and (3.8) we find; 
1
𝐸ℎ𝑘𝑙
= [(𝑎4ℎ4𝑆11 + 2𝑎
2ℎ2𝑏2𝑘2𝑆12 + 2𝑎
2ℎ2𝑐2𝑙2𝑆13 + 𝑏
4𝑘4𝑆22 + 2𝑏
2𝑘2𝑐2𝑙2𝑆23 +
𝑐4𝑙4𝑆33 + 𝑏
2𝑘2𝑐2𝑙2𝑆44 + 𝑎
2ℎ2𝑐2𝑙2𝑆55 + 𝑎
2ℎ2𝑏2𝑘2𝑆66)/(𝑎
2ℎ2 + 𝑏2𝑘2 + 𝑐2𝑙2)2]  
 (3.9) 
In a perovskite type of orthorhombic crystal system, Sij are obtained with all the 
ions relaxed in the cell. The calculated values are 272.0, 263.8, 323.2, 73.0, 67.4, 94.3, 
162.9, 130.5, and 110.0 GPa for S11, S22, S33, S44, S55, S66, S12, S13, and S23, respectively 
[19].  
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The βcos(θ) versus 4sin(θ)/Ehkl    graphs are plotted and fitted linearly to estimate 
crystallite size and stress for different Mn concentrations as shown in Fig. 3.5. We have 
found that crystallite size and stress increase with the increase in Mn concentrations as 
tabulated in Table 3.3. Strain versus stress plot also shows an increasing trend with the 
increase in Mn concentration as shown in Fig. 3.6. 
 
 
Fig.3. 5 βcos(θ) versus 4sin(θ)/Ehkl   plots with linear fit of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). 
 
Table. 3.3. Crystallite size and stress of GdFe1-xMnxO3 (x=0, 0.10, 0.20, 0.30) as estimated using 
Williamson Hall plot under UDSM model. 
σ (MPa) Crystallite 
Size (nm) 
Slope Intercept 
(βcos(θ)) 
Composition 
142.25 35.23 1.42×10-4 3.89 x 10-3 GdFeO3 
146.68 36.35 1.46×10-4 3.77 x 10-3 GdFe0.9Mn0.1O3 
152.12 38.60 1.52×10-4 3.55 x 10-3 GdFe0.8Mn0.2O3 
156.24 42.56 1.56×10-4 3.22 x 10-3 GdFe0.7Mn0.3O3 
 
 
Chapter 3                                                       Structural and Morphological Properties 
 
P a g e  | 77 
 
Fig. 3.6 Strain versus stress plot of GdFe1-xMnxO3 (x=0, 0.10, 0.20, 0.30). 
 
3.3.2.3 Uniform deformation energy density model (UDEDM). 
 
In equation (3.5), we have considered the homogeneous isotropic nature of the 
crystal. However, in many cases, the assumption of homogeneity and isotropy is not 
fulfilled. Moreover, all the constants of proportionality associatedwith the stress–strain 
relations are no longer independent when the strain energy density u is considered. 
Accordingto Hooke’s law, the energy density u (energy per unit volume) as a function of 
strain is u = ε2Ehkl/2. Therefore, equation (3.5) can be modified to the form: 
𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
𝐾𝜆
𝐷
  +  4  𝑠𝑖𝑛𝜃(
2𝑢
𝐸ℎ𝑘𝑙
)
1
2                                                                   (3.10) 
where u is the energy density (energy per unit volume) 
The uniform deformation energy density can be calculated from the slope of the 
graph plotted between βhklcosθ and 4sinθ (2/Ehkl)1/2. The lattice strain can be calculated 
by knowing the Ehkl values of the sample. W-H equations modified assuming UDEDM 
and the corresponding plots are shown in Fig.3.7. Using equations (3.6) and (3.8), the 
deformation stress and deformation energy density are related as u = σ2/Ehkl. The 
estimated value of crystallite size and energy density value are found to increase with the 
increase in the Mn concentrations. 
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Fig. 3.7 βcos(θ) versus 4sin(θ)(2/Ehkl)
1/2 plots with linear fit for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 
0.3). 
 
Table 3.4 Crystallite size and energy density of GdFe1-xMnxO3 (x=0, 0.10, 0.20 and 0.30) as 
estimated using Williamson Hall plot under UDSEM model 
Energy density (u) 
(kJm-3) 
Crystallite 
Size(nm) 
Slope Intercept 
(βcos(θ)) 
Composition 
173.25 34.52 4.16×10-04 3.97 x 10-3 GdFeO3 
186.92 37.04 4.32×10-04 3.70 x 10-3 GdFe0.9Mn0.1O3 
194.56 38.82 4.41×10-04 3.53 x 10-3 GdFe0.8Mn0.2O3 
200.90 41.65 4.48×10-04 3.29 x 10-3 GdFe0.7Mn0.3O3 
 
3.3.3 Morphological analysis 
3.3.3.1 Scanning electron micrograph (SEM)  
SEM micrographs of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3) with particle size are 
shown in Fig. 3.8, theirelemental percentage in Fig. 3.9 and the corresponding energy 
dispersive x-rays (EDX) analysis are shown in Fig. 3.10.SEM images show that the 
particles have spherical shapeswith size ranging from 26 to 61 nm. Particle sizes are 
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found to increase with Mn concentration; the grain boundaries are clearly 
distinguishable.These images clearly show uniform distribution of grains and different 
morphology with increase in Mn concentration.The EDX images show the percentage of 
Mn, Gd, Fe and O elements in the system with no other elements in form of 
impurities.Some gold peaks are appearing as we have coated our samples with goldin 
order to prevent charging of the specimen, which would otherwise occur because of the 
accumulation of static electric fields. It is also helpful in increasing the number of 
secondary electrons that can be detected from the surface of the specimen in the SEM and 
therefore increases the signal to noise ratio. SEM images of GdFe1-xMnxO3 (x=0.0, 0.1, 
0.2 and 0.3) with elemental distribution (Gd, Fe, Mn and O) are shown in Fig. 3.11. The 
distribution of elements Gd, Fe, Mn and O are homogeneous and symmetrical in all the 
samples, and as we increase the Mn concentration (x) in GdFeO3 the percentage of Fe 
decrease in the same ratio. It is evident from these images that the GFMO materials are 
homogeneous in terms of distribution of Mn, Fe, Gd and O elements. 
 
Fig. 3.8 SEM micrographs of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at ×6000 magnification 
with particle sizes. 
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Fig. 3.9 SEM images of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3), with elemental percentage. 
 
 
Fig. 3.10 SEM images of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3), with the corresponding energy 
dispersive x-rays (EDX) patterns. 
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Fig. 3.11 SEM elemental mapping images of GdFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3). 
 
3.3.3.2 Transmission electron microscopy (TEM) 
The typical microstructure of the samples is examined by transmission electron 
microscope (TEM). TEM images for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with particle 
sizes are shown in Fig. 3.12. The TEM images show a selected area electron diffraction 
that pointed to the presence of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) in nano-crystalline 
form. The different patterns observed in each sample indicate that the samples are 
heterogeneous with respect to Mn concentration, usually the particle sizes are somewhat 
larger than that observed using SEM due to the light scattering of the organic molecules 
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adsorbed on the particle surface. The particles tend to aggregate due to strong magnetic 
dipole–dipole attractions between them as shown in Fig.3.12. TEM images show that the 
particles have spherical shapes with size ranging from 32 to 57 nm. Particle sizes are 
found to increase with Mn concentration; the grain boundaries are clearly distinguishable.  
 
 
 
Fig. 3.12 TEM image of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with particle sizes. 
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Section B 
Structural and Morphological Properties of Mn Doped 
SmFeO3 
 
 
3.4 Motivation and introduction 
Among the rare earth orthoferrites SmFeO3 (SFO) has special status owing to its 
high values of spin switching and spin reorientation transition temperatures. This 
property makes SFO a potential candidate for magnetoelastic devices [1-3]. In addition to 
this there are reports that indicate that SFO has unusual magnetic, magneto-optical and 
electronic properties. SFO crystallizes in orthorhombic distorted perovskite structure with 
Sm3+ ions at the corners of the cube and Fe3+ ions at the body centered position. Each 
Fe3+ ion is surrounded by six O2- ions, forming a FeO6octahedron. The doping at Fe site 
results in the distortion of FeO6 octahedron and consequently a strain will be produced in 
the lattice. To the best of our knowledge we do not find study on the calculation of lattice 
strain, stress and associated energy density in transition metal doped SFO. Further, if 
these orthoferrites are synthesized in nanocrystalline form then their physical properties 
may change as compared to bulk materials [4,5]. 
In view of above we have synthesized the SmFe1-xMnxO3 (x= 0.0, 0.1, 0.2 and 0.3) and 
studied their structural and morphological properties. 
 
3.5 Sample preparation and experimental details 
We have employed the standard solid state reaction route to prepared nano-
crystalline samples of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). The details of sample 
preparation and instruments used for characterization have been described in the previous 
section. 
 
3.6 Results and Discussion 
3.6.1 Structural Analysis 
X-ray diffraction (XRD) patterns for SmFe1-xMnxO3 (0< x <0.3) recorded at room 
temperature show that all the samples are in single phase with no detectable secondary 
phases as shown in Fig. 3.13. These XRD patterns indicate that our samples have 
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orthorhombic crystal structure with Pbnm space group [6-9]. As ionic radii of Fe3+ is 
0.067 nm and that of Mn3+ is 0.064 nm therefore we have observed slight decrease in 
lattice parameters and unit cell volume with the increase in Mn concentration as shown in 
Fig. 3.14[10]. The crystallite sizes, as estimated using Sherrer equation, are found to be ~ 
37 nm. The lattice parameters and crystallites sizes for all the samples are tabulated in 
Table 3.5. The Mn doping at Fe site will cause a distortion in FeO6 octahedron and 
consequently, Mn–O–Mn and Fe-O-Fe bond angles decrease with the increase in Mn 
concentration while Fe-O and Mn-O bond lengths increase as exhibited in Table 3.5. 
Further, the distortion of FeO6 octahedron induces strain in the lattice. That is reflected in 
the shift of the most intense peak towards higher value of 2θ on Mn doping (x=0.10) but 
further doping (x= 0.20 and 0.30) shifts the peak towards lower value but more than pure 
as shown in Fig. 3.15. We make use of the Williamson-Hall analysis to estimate the 
lattice strain and stress produced in the next section. 
3.6.2 Williamson-Hall-analysis  
3.6.2.1 Uniform deformation model (UDM) 
   We make use of the equation  𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
𝐾𝜆
𝐷
  +  4 ɛ𝑠𝑖𝑛𝜃   that has been 
derived in the Section A of this chapter to determine the crystallite size and lattice strain 
in case of Mn doped SmFeO3. 
The βcos(θ) versus 4sin(θ) graphs are plotted and fitted linearly to estimate 
crystallite size and strain for different Mn concentrations as shown in Fig.3.16. Both 
crystallite size and strain increase with the increase in Mn concentration as evident from 
Table 3.6. 
3.6.2.2 Uniform deformation stress model (UDSM) 
In order to estimate the crystallite size and stress of Mn doped SmFeO3 under 
UDSM model we again make use of the equation  𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
𝐾𝜆
𝐷
  +  
4 𝜎𝑠𝑖𝑛𝜃
𝐸ℎ𝑘𝑙
  as 
obtained in previous section for GdFeO3.The βcos(θ) versus 4sin(θ)/Ehkl    graphs are 
plotted and fitted linearly to estimate crystallite size and stress for different Mn 
concentrations as shown in Fig. 3.17. We have found that crystallite size and stress 
increase with the increase in Mn concentrations as tabulated in Table 3.7. Strain versus 
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stress plot also shows an increasing trend with the increase in Mn concentration as shown 
in Fig. 3.18. 
 
 
Fig .3.13 X-ray diffraction patterns of SmFe1-xMnxO3(x=0.0, 0.1 ,0.2 and 0.3). The experimental 
data points are indicated by red circles, and the calculated profile by black solid circles. The 
lowest curve shows the differencesbetween the experimental and the calculated data. The vertical 
bars indicate the expected reflection positions for orthorhombic structure.  
 
 
Fig. 3.14 Effect of Mn doping (x) on volume of the unit cell volume and lattice constants. 
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Fig .3.15 Shift of most intense peak with Mn concentration. 
 
Table 3.5. Refined structural parameters of SmFe1-xMnxO3 (x = 0.0, 0.1, 0.2 and 0.3) at room 
temperature. 
Structural 
Parameters 
x = 0.0 x = 0.1 x = 0.2 x = 0.3 
a (Ǻ) 0.0045±5.3999(3) 0.0045±5.3982(3) 0.0045±5.3977(3) 0.0045±5.3965(3) 
b (Ǻ) 0.0047±5.5988(3) 0.0047±5.5984(3) 0.0047±5.5973(3) 0.0047±5.5959(3) 
c (Ǻ)  0.0064±7.7153(4) 0.0064±7.7149(4) 0.0064±7.7138(4) 0.0064±7.7126(4) 
V (Ǻ)3 233.26(5) 233.15(5) 233.05(5) 233.04(5) 
D (nm) Particle 
size 
37.20 37.21 37.21 37.21 
Fe–O (Å) 2.048(3) 1.964(3) 2.114(3) 2.197(3) 
Sm–O1 (Å) 2.045(3) 2.180(3) 2.035(3) 2.099(3) 
Sm–O2 (Å) 2.632(3) 2.597(3) 2.384(3) 2.110(3) 
Mn-O (Å) - 1.964(3) 2.114(3) 2.197(3) 
(Mn-O-Mn) (θ) - 137.8(4) 130.5(4) 121.5(4) 
(Fe-O-Fe) (θ) 139.9(4) 137.8(4) 130.5(4 121.5(4) 
Rp (%) 17.3 14.2 13.6 13.4 
Rwp 14.7 14.2 15.4 13.5 
Rexp 13.5 12.8 13.2 11.9 
χ2 
1.19 1.23 1.36 1.29 
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                    Fig 3.16 βcos(θ) versus 4sin(θ) forSmFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3) 
 
 
Table 3.6 Crystallite size and strain for of SmMnxFe1-xO3 (x=0, 0.10, 0.20, 0.30) as estimated 
using Williamson-Hall plot under UDM model. 
Strain Crystallite 
Size(nm) 
Slope Intercept 
(βcos(θ)) 
Composition 
1.11×10−7
∓ 1.308×10−9 
35.3 1.11×10−7
∓ 1.308×10−9 
3.94× 10−3 
∓ 8.19×10−5 
SmFeO3 
1.31×10−7
∓ 1.229×10−8 
40.4 1.31×10−7
∓ 1.229×10−8 
3.39× 10−3 
∓1.98×10−5 
SmFe0.9Mn0.1O3 
1.52×10−7
∓ 1.284×10−8 
40.7 1.52×10−7
∓ 1.284×10−8 
3.37× 10−3 
∓8.03×10−5 
SmFe0.8Mn0.2O3 
1.64×10−7
∓ 1.309×10−8 
41.2 1.64×10−7
∓ 1.309×10−8 
3.33×10
−3
∓
 8.63×10−5 
SmFe0.7Mn0.3O3 
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Table 3.7 Crystallite size and stress of SmFe1-xMnxO3 (x=0, 0.10, 0.20, 0.30) as estimated using 
Williamson Hall plot under UDSM model. 
σ (MPa) Size(nm) slope βcos(θ) intercept Composition 
177.724 34.265 1.80×10-4 4.00×103 SmFeO3 
184.524 36.549 1.85×10-4 3.75×103 SmFe0.9Mn0.1O3 
193.640 40.671 1.94×10-4 3.37×103 SmFe0.8Mn0.2O3 
206.898 46.148 2.07×10-4 2.97×103 SmFe0.7Mn0.3O3 
 
 
 
 
Fig. 3.17 βcos(θ) versus 4sin(θ)/Ehkl graphforSmFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3. 
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Fig. 3.18 Strain versus stress plot of SmFe1-xMnxO3 (x=0, 0.10, 0.20, 0.30). 
 
3.6.2.3 Uniform deformation energy density model (UDEDM) 
 
The uniform deformation energy density of Mn doped SmFeO3 can be calculated 
from the slope of the graph plotted between βhkl cosθ and 4sinθ (2/Ehkl)1/2 using equation 
    𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =  
𝐾𝜆
𝐷
  +  4  𝑠𝑖𝑛𝜃(
2𝑢
𝐸ℎ𝑘𝑙
)
1
2. The estimated value of crystallite size and energy 
density value are found to increase with the increase in the Mn concentrations as shown 
in Table 3.8. 
 
Table 3.8 Crystallite size and energy density ofSmMnxFe1-xO3 (x=0, 0.10, 0.20, 0.30) as estimated 
using Williamson Hall plot under UDSEM model. 
Energy 
density (u) 
(kJm-3) 
Size(nm) Slope βcos(θ) intercept Composition 
129.02 34.88 3.59×10-4 3.93×103 SmFeO3 
147.94 37.35 3.85×10-4 3.67×103 SmFe0.9Mn0.1O3 
156.72 38.40 3.96×10-4 3.57×103 SmFe0.8Mn0.2O3 
165.71 41.28 4.07×10-4 3.32×103 SmFe0.7Mn0.3O3 
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Fig. 3.18 βcos(θ) versus 4sin(θ)(2/Ehkl)1/2plots with linear fit forSmFe1-xMnxO3(x=0.0, 0.1, 0.2 
& 0.3). 
 
3.6.3 Morphological analysis 
3.6.3.1 Scanning electron microscopy (SEM) 
SEM micrographs of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with particle size 
are shown in Fig. 3.20, their elemental percentage in Fig. 3.21 and the corresponding 
energy dispersive x-rays (EDX) analysis are shown in Fig. 3.22. SEM images show that 
the particles have spherical shapes with size ranging from 23 to 58 nm. Particle sizes are 
found to increase with Mn concentration; the grain boundaries are clearly 
distinguishable.These images clearly show uniform distribution of grains and different 
morphology with increase in Mn concentration.The EDX images show the percentage of 
Mn, Sm, Fe and O elements in the system with no other elements in form of 
impurities.Some gold peaks are appearing as we have coated our samples with goldin 
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order to prevent charging of the specimen, which would otherwise occur because of the 
accumulation of static electric fields. It is also helpful in increasing the number of 
secondary electrons that can be detected from the surface of the specimen in the SEM and 
therefore increases the signal to noise ratio. SEM images of SmFe1-xMnxO3 (x=0.0, 0.1, 
0.2 and 0.3) with elemental distribution (Sm, Fe, Mn and O) are shown in Fig. 3.23. The 
distribution of elements Sm, Fe, Mn and O are homogeneous and symmetrical in all the 
samples, and as we increase the Mn concentration (x) in SmFeO3 the percentage of Fe 
decrease in the same ratio. It is evident from these images that the SFMO materials are 
homogeneous in terms of distribution of Mn, Fe, Sm and O elements. 
 
3.6.3.2 Transmission electron microscope (TEM) 
The typical microstructure of the samples is examined by transmission electron 
microscope (TEM). TEM images for SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with particle 
sizes are shown in Fig. 3.24. The TEM images show a selected area electron diffraction 
that pointed to the presence of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) in nano-crystalline 
form. The different patterns observed in each sample indicate that the samples are 
heterogeneous with respect to Mn concentration, usually the particle size are somewhat 
larger than that observed using SEM due to the light scattering of the organic molecules 
adsorbed on the particle surface. The particles tend to aggregate due to strong magnetic 
dipole–dipole attractions between them as shown in Fig.3.24. TEM images show that the 
particles have spherical shapes with size ranging from 25 to 57 nm. Particle sizes are 
found to increase with Mn concentration; the grain boundaries are clearly distinguishable. 
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Fig.3.20. SEM images for SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 & 0.3) at ×1500 magnification with 
particle sizes. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.21 SEM micrographs of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3), with element percentage. 
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Fig.3.22 SEM micrographs of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3), with the corresponding 
energy dissipative analysis of x-rays (EDAX). 
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Fig.3.23 SEM elemental mapping images of SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) as a function 
of concentrations (x), for element position (Sm, Fe, Mn and O) in the samples.  
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Fig. 3.24.TEM image of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3) with particle sizes. 
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Chapter 4 
 
This chapter is divided in two sections, namely Section A and Section B. Section-A 
contains the thermal and optical Properties Mn Doped GdMnO3 and section-B deals 
with the investigation of thermal and optical Properties Mn Doped SmFeO3. 
 
Section A 
 
Thermal and Optical Properties of Mn Doped GdFeO3 
 
 
4.1 Motivation and introduction 
Ferrites are promising eco-friendly materials that can replace toxic lead-based 
perovskites to be used as relaxors, sensors, capacitors and optical storage devices [1]. 
Among ferrites, orthoferrites, RFeO3 (where R represents rare earth ion) belongs to 
perovskite family and have distorted orthorhombic GdFeO3 type perovskite structure with 
space group Pbnm. In this structure, the distortion of the Fe octahedron is small and 
almost independent of rare earth ion (R) [2]. But the distortion of rare earth polyhydra is 
large and increases with the decrease in ionic radius of R. As distortion increases, the 12 
oxygen (O) ions surrounding the R separate into two types: eight first-nearest O ions and 
four second-nearest O ions. Such structural distortions influence the magnetic ordering 
and spin-state transitions [3]. Among the distorted perovskites, the GdFeO3 system 
acquires an orthorhombic structure, with a Pbnm or Pnma space group [4], due to the 
tilting of the FeO6 octahedron. The potential technological applications of these 
orthoferrites has raised much interest in relation to the properties, such as magnetic field 
sensors (magneto-resistance), actuators (piezoelectricity) and oxygen sensors based on 
electronic-ionic mixed conductivity with nonlinear response to oxygen pressure [5-11]. 
The visible-light photocatalytic technology has been shown to be a promising 
method to solve the environmental and energy crisis [12–14]. Within various categories 
of photocatalysts, the rare-earth perovskite-type (ABO3) oxides have been found to 
exhibit high photocatalytic activity to the degradation of organic compounds under 
visible light irradiation [14–15]. The GdFeO3 was a kind of typical rare-earth perovskite-
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type oxides, with a stable crystal structure and the unique characteristics of 
electromagnetic and catalysis [16]. Therefore, the GdFeO3 had a wide application 
prospect in magnetism and photocatalysis fields.  The optical properties and parameters 
can be improved on doping with other transition metal ion at Fe site. We do not find 
many studies on effect of doping at Fe site on optical properties of GdFeO3. Thermal 
parameters such as heat flow in and out of system, specific heat etc. and the effect of 
doping on these parameters are also important from the point of view of application of 
these materials as sensors. 
In view of this we have synthesized the Mn doped GdFeO3 and studied their thermal and 
optical properties. 
 
4.2 Sample preparation and experimental details 
The synthesis process of the samples has been described in previous chapters. The 
absorption spectra were recorded using UV/Vis spectrophotometer in the wavelength 
range 200 to 800 nm. Fourier transform infrared (FTIR) spectra are recorded using 
Bruker-Tensor-37 spectrometer with resolution of 4.0 cm-1 in the frequency range of 370-
4000 cm-1. Differential thermal analysis (DTA) is performed using STA-8000 Perkin 
Elmer thermal analyzer in a temperature range of 300C to 10000C with an increment of 
200C/minute. 
 
4.3 Results and Discussion 
4.3.1 Thermal Analysis   
DTA profiles of GdFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) as a function of 
temperature are recorded with a controlled nitrogen atmosphere, in a temperature range 
of 30 0C to 1000 0C and are shown in Fig.4.1. Fig 4.1 shows the heat flow in and out of 
system due to endothermic and exothermic reactions. The pristine GdFeO3 sample 
exhibits endothermic peaks at T= 70.2, 292 and 7890C whereas an exothermic peak is 
observed at about 3800 C. But on Mn doping these endothermic peaks have started to 
shift towards lower temperatures and for x=0.3 concentration these peaks are observed at 
T= 68.10C, 242.30C, and 710.40C and exothermic peak that was present in pristine 
sample at 380 0C has been disappeared. Some additional exothermic peaks are appeared 
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in Mn doped samples at higher temperatures. These peaks can be attributed to structural 
transitions on Mn doping at higher temperatures as the exchange interaction of the Mn3+–
Mn4+ depends on the bond angle and the bond length. The decrease of Mn–O bond length 
and Mn–O–Mn bond angle will make Mn3+–Mn4+ exchange interaction stronger, leading 
to the structural transition. 
 
Fig. 4.1 Heat flow as a function of temperature for GdFe1-xMnxO3(0≤x≤0.3). 
 
We have calculated the value of heat capacity at constant pressure (Cp) and plotted 
it as a function of temperature as shown in Fig 4.2. The absolute value of Cp is found to 
be maximum (226.42 mW/gm.degrees) for pristine sample and Mn doping reduces this 
value to 99.22 mW/gm.degrees for x = 0.3 concentration sample. The anomaly at 292 0C 
or 565 K in pristine sample can be attributed to phase transition from antiferromagnetic to 
paramagnetic state as this temperature is near to Neel temperature of GdFeO3.The 
reported value of Neel temperature of bulk GdFeO3 is 670 K, that reduces to lower value 
in nanoscale GdFeO3. In our samples, Neel temperature further reduces on Mn doping. It 
is consistent with earlier reports that doping at Fe site reduces the Neel temperature [17]. 
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Fig. 4.2 The variation of heat capacity at constant pressure (Cp) as a function of temperature for 
GdFe1-xMnxO3 (0≤x≤0.3). 
 
We have also plotted the DTA signal in terms of temperature difference (ΔT) and 
in microvolts (μV) as shown in Fig 4.3 and Fig 4.4 respectively. These plots are also 
exhibited the endothermic and exothermic peaks at the same positions as shown by heat 
flow or heat capacity plots. 
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Fig. 4.3 DTA (μV) as a function of temperature for GdFe1-xMnxO3(0≤x≤0.3). 
 
 
Fig. 4.4 DTA (ΔT) as a function of temperature for GdFe1-xMnxO3(0≤x≤0.3). 
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4.3.2 Optical Properties and Parameters 
The study of optical properties is useful in order to understand the optoelectronic 
nature of materials. Further, optical properties of orthoferrites can affect the characteristic 
incident light spectrum passing through these materials. Optical absorption studies 
provide a simple path to obtain the band gap energy and explain the band structure of 
materials. 
 
4.3.2.1 UV/Vis. Spectroscopy  
We have recorded the reflectance spectra of Mn doped GdFeO3 in the 
ultraviolet/visible (UV/Vis.) region of wavelength at room temperature.  The reflectance 
(R) has been converted into absorbance (A) using the relation A = -log (R). The variation 
of absorbance with wavelength is shown in Fig 4.5. These spectra exhibit two main 
absorption peaks at 234 and 368nm for pure GdFeO3. These peaks have been red shifted 
slightly on Mn doping. The absorption coefficient (α) is calculated using α=2.303 (A/L), 
where L is the length of cuvette in which sample is filled. In order to find the value of 
energy band gap (Eg) for our samples we make use of the Tauc relation [18-19]. 
    αhν = A (hν - Eg )m                                    (4.1) 
The value of exponent m depends on nature of bandgap. It will be equal to ½ for 
direct bandgap and has the value 2 for indirect bandgap [20]. We have plotted the graphs 
between (αhʋ)1/2 versus hν (indirect transition) and (αhʋ)2 versus hν (direct transition) as 
shown in Fig 4.6 and Fig 4.7. As evident from Fig 4.7 that plots between (αhʋ)1/2 versus 
hν not give any meaningful result therefore our samples follow the direct transition. The 
values of Eg can be determined by taking the intercept of the extrapolation to zero 
absorption with photon energy axis i.e.  (αhʋ )2 → 0 (See Fig.3). The energy band gap 
estimated for GdFeO3 is found to be 3.47 eV, doping with Mn decreases the band gap and 
it became 2.79 eV for x = 0.3 concentration sample. In order to confirm our energy band 
gap values we have plotted the graphs between (F(R)hv)2 and hv (Fig 4.8), where F(R) is 
Kubelka Munk function, and estimated the energy band-gap, these values are nearly the 
same as we have estimated using (αhʋ)2 versus hν plots. In case of pristine sample, 
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energy band gap is found to be 3.89 eV and decreases to 3.15 eV for x= 0.3 
concentration. 
             
 
 
Fig. 4.5 Absorption spectra of GdFe1-xMnxO3(0≤x≤0.3) as a function of wavelength. 
 
 
Fig. 4.6 (αhv)1/2 versus hv plots of GdFe1-xMnxO3 (0≤x≤0.3). 
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Fig 4.7 (αhv)2 versus hv plots of GdFe1-xMnxO3 (0≤x≤0.3). 
 
 
Fig. 4.8 (F(R)hv)2 versus hv plots of GdFe1-xMnxO3 (0≤x≤0.3). 
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Urbach law states that absorption coefficient (α) near band edges is having an 
exponential dependence on photon energy (hν), as given by α=αoexp(hν/Eu) [21]. 
Therefore, Urbach energy (Eu) can be calculated through the plot of lnα versus hν as 
shown in Fig 4.9 and Fig 4.10. The value of Eu is equal to reciprocal of slope. It is related 
to the width of the localized states in the band gap and considered as a valuable parameter 
that indicates the effect of possible defects. The presence of Urbach energy tail is an 
indicative of broadening of donor levels into impurity band that merge with the 
conduction band [22-24]. The higher value of Urbach energy is associated with larger 
density of localized states. In the case of GdFe1-xMnxO3, this energy increases with the 
increase of Mn doping from 433.8 meV for pristine sample to 1.38 eV for x = 0.3 sample 
near the first edge and 1.15 eV to 3.15 eV near the second edge. The increase in Eu 
suggests that Mn doping introduces defects and more number of localized states in 
GdFeO3.Urbach energy (Eu) is also written as Eu = kBT/S(T) where S(T) is known as 
steepness parameter. We have tabulated the values of Urbach energy and steepness 
parameter for all the samples in Table 4.1. 
 
Fig 4.9 lnα versus hν plots to determine the Urbach energy near the first absorption peak of 
GdFe1-xMnxO3 (0≤x≤0.3). 
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Fig.4.10 lnα versus hν plots to determine the Urbach energy near the second absorption peak of 
GdFe1-xMnxO3 (0≤x≤0.3). 
 
Table 4.1 Urbach energy (Eu) and Steepness parameter (S (T)) for GdFe1-xMnxO3 (x=0, 0.10, 0.20 
and 0.30). 
Composition Near First Absorption Peak Near Second Absorption Peak 
Slope (eV)-1 Eu (meV) S(T)×10-3 Slope (eV)-1 Eu (eV) S(T)×10-3 
GdFeO3 2.3054 433.8 59.598 0.8718 1.1471 22.54 
GdMn0.1 Fe0.9 O3 1.8149 551.0 46.918 0.6902 1.4489 17.84 
GdMn0.2 Fe0.8 O3 1.2748 784.5 32.955 0.4231 2.3635 10.94 
GdMn0.3 Fe0.7 O3 0.7246 1380 18.73 0.3172 3.1526 8.200 
 
The maximum wavelength of incident radiations required to eject the electrons 
from a surface is defined as threshold wavelength. To calculate the maximum wavelength 
or threshold wavelength (λs) of theincident radiation, we have analyzed 
UV/Vis.absorption data using the following relation [25,26]: 
                                                                 (𝐴/𝜆)2= 𝐺(1/𝜆−1/𝜆𝑠 )                                  (4.2) 
Chapter 4                                                                             Thermal and Optical Properties 
 
P a g e  | 109 
where A is the absorption, λ is the wavelength and G is the empirical constant. In order to 
determine the threshold wavelength, we have plotted (𝐴/𝜆)2 versus 1/𝜆 plots for all the 
samples as shown in Fig.11. The threshold wavelength increases with Mn doping and 
become 732.6 nm for x = 0.3 sample as compared to 610.8 nm for pure GdFeO3. 
 
Fig 4.11(𝐴/𝜆)2 versus 1/𝜆 plots for GdFe1-xMnxO3 (0≤x≤0.3). 
 
The energy absorbed within a material is dependent upon many parameters, e.g. 
thematerial type, thickness, conductivity and extinction coefficient of material. In the 
spectral regions of intense absorption, all the energy that enters the sample of any 
material is absorbed and the only part of the incident energy that remains is that reflected 
at thesurface. So, there are some characteristic and significant parameters that related to 
the absorption of photons, e.g. skin effect and the optical conductivity. The photon 
current density decreases exponentially fromthe surface towards interior of the material 
due to many reasons, e.g. density, refractive index, surface morphology and 
microstructure of samples. The thickness at which optical photondensity becomes 1/e of 
the value at the surface is called skin depth (δ). Skin depth depends also on the 
conductivity materialand the frequency of incident photons. Since conductivity in 
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semiconductorsdepends strongly on the optical band gap, one can correlate the optical 
properties and skin effect in any semiconductingmaterial [27, 28]. The skin depth or 
penetration depth(δ) is related to the absorption coefficient (α) by the following simple 
relation [27]: δ = 1/α. Fig 4.12 shows the dependent of skin depth, δ onthe incident 
photon energy, (hν) for GdFe1-xMnxO3 (x = 0.0, 0.1, 0.2 and 0.3). It is clear from this 
figure that, the skin depth (δ) decreases as the photon energy increases. This behaviour is 
exhibited by all the samples. 
 
 
Fig 4.12 Skin depth (δ) versus energy plots of GdFe1-xMnxO3 (0≤x≤0.3). 
 
The refractive index calculated using reflectance data shows the highest value 
near the region of strong absorption (~ less than 400 nm). We have plotted the refractive 
index as a function of incident photon wavelength from 400 nm onwards as shown in Fig 
4.13. This figure illustrates that, for all the samples and at the strong absorption region of 
wavelengths less than 400 nm the refractiveindex has higher values. This is due to the 
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resonance effect betweenthe incident electromagnetic radiation and the 
electronpolarization, which leads to the coupling of electrons in our samples in the 
oscillating electric field. Thereby, there is no propagation of electromagnetic radiation 
through the samples. Atlonger wavelengths, the refractive index decreases till it reaches 
to the lowest value of about 1.1 at the maximum value of measured wavelength (800 nm). 
 
 
Fig. 4.13 Plots of refractive index (n) versus wavelength for GdFe1-xMnxO3 (0≤x≤0.3). 
 
The extinction coefficient, k can be calculated from the absorptioncoefficient, α by 
the following equation [29]: k =αλ/4π, where λ is the wavelength of the incident photons. 
Fig 4.14 represents thevariation of k as a function of energy of the incident 
electromagneticradiation. This figure reveals that extinction coefficient decreases with 
the increase in energy. At lower energies extinction coefficient is higher for Mn doped 
samples but at higher values of energies pure and Mn doped samples show similar value 
of extinction coefficient. 
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Fig. 4.14 Plots of extinction coefficient (k) versus photon energy for GdFe1-xMnxO3 (0≤x≤0.3). 
 
Optical conductivity (σ) depends strongly onthe optical band gap, and apart from 
that it value also depends upon many parameters, like absorption coefficient, refractive 
index, the frequency of incident photons, and the extinction coefficient. The optical 
conductivity could be calculated using the following relation [30, 31]: σ=αnc/4πk, where 
c is the speed of light in vacuum. Fig 4.15 illustratesthe dependence of optical 
conductivity upon the incident photon wavelength for Mn doped GdFeO3. Its value 
decreases with the increase in wavelength or in other words, the optical conductivity is 
increased at high photon energies. This is due tothe high absorbent nature of the samples 
in that region and also might be due to the excitation of electrons by the photon energy. 
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Fig. 4.15 Plots of optical conductivity versus incident photon wavelength for GdFe1-xMnxO3 
(0≤x≤0.3). 
 
4.3.3.2 FTIR Spectroscopy 
We have recorded the FTIR spectra of GdFe1−xMnxO (0≤x≤0.3) at room 
temperature in order to study the vibrational bands present in our system as shown in Fig 
4.16. Generally, the FTIR spectra give information about functional groups present in a 
system, the molecular geometry, and inter- or intra-molecular interactions. It is a general 
perception that the band frequencies within 1000 cm-1 are associated with the bonds 
between inorganic elements. We have observed a strong band at ∼435 cm−1. This band is 
assigned to bending vibration of O−Fe−O [32]. The Mn doping shifts this band from 
435cm−1 for pristine sample to 453 cm-1 for x= 0.3 concentration. This shift may be due 
to lesser atomic mass of Mn as compared to Fe. We have observed second strong band at 
∼559 cm−1. This band has also shifted on Mn doping, from 559 cm−1 for pristine sample 
to 579 cm-1 for x= 0.3 concentration. The sharp absorption band at 559 cm-1 attributed to 
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B-O (Fe-O) stretching vibration, being characteristics of the octahedral BO6 groups in the 
perovskite (ABO3) compounds, which is commonly observed in the region 500 -700 cm
-
1. The bands present at ~3453 cm-1and 1637 cm-1 are attributed to the O-H stretching and 
H-O-H bending vibrations of structural moisture. On Mn doping the band present at 34 35  
cm-1has been shifted to 3430 cm-1 for x= 0.3 concentration and that present at 1637 cm-1 
shifts to 1604 cm-1. We have tabulated all these vibration modes for all the compositions 
in Table 4.2. 
 
 
 
Fig.4.16 FTIR spectra of GdFe1-xMnxO3 (0≤x≤0.3) recorded at room temperature. 
 
Table 4.2 Vibration modes of GdFe1−xMnxO (x = 0.0, 0.1, 0.2 and 0.3).  
 Composition   Vibration modes 
)1-(cm  3GdFeO 3O0.1Mn0.9GdFe 3O0.2Mn0.8GdFe 3O0.3Mn0.7GdFe 
435 438 447 453 O−Fe−O bending 
559 568 577 579 Fe-Ostretching 
1637 1628 1618 1604 H-O-H bending 
3453 3449 3440 3430 O-H stretching 
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Section B 
Investigation of Thermal and Optical parameters of Mn Doped 
SmFeO3 
 
 
4.4 Motivation and introduction 
SmFeO3 is a p-type semiconductor and has been used as a sensor for detecting 
oxidizing gases like ozone and NO2 [1, 2]. However, these sensors need improvement 
due to their low electrical conductivity and reduction instability [3]. The ordering 
temperatures need to be above room temperature in order to make these materials 
interesting for technical applications. Very recently, the discovery of ferroelectric 
polarization in SmFeO3 has been reported below TN∼670 K. The origin of this 
ferroelectric polarization is highly debated [4–6]. A further spin-reorientation transition 
occurs at TSR∼480 K in this material without having any noticeable effect on the 
ferroelectric polarization.  
SmFeO3 especially has been proposed as a promising gas sensing material for O3, 
NO2 and hydrocarbons [7-9]. The resistance and the sensing behaviour of SmFeO3 may 
be modified if some of the Sm3+ ions at the A-site or the Fe3+ ions at the B-site of 
SmFeO3 are replaced by other cations, or if surface dopants are added. However, 
investigations on volume and surface doped SmFeO3 are only rarely found in literature. 
[10]. Therefore, the SmFeO3 had a wide application prospect in magnetism and 
photocatalysis fields.  The optical properties and parameters can be improved on doping 
with other transition metal ion at Fe site. We do not find many studies on effect of doping 
at Fe site on optical properties of SmFeO3. Thermal parameters such as heat flow in and 
out of system, specific heat etc. and the effect of doping on these parameters are also 
important from the point of view of application of these materials as sensors. 
In view of this we have synthesized the Mn doped SmFeO3 and studied their thermal and 
optical properties. 
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4.5 Sample preparation and experimental details 
We have employed the standard solid state reaction route to prepared samples of 
SmMnxFe1-xO3(x=0, 0.1, 0.2, and 0.3) (SFMO). The absorption spectra were recorded 
using UV/Vis spectrophotometer in the wavelength range 200 to 800 nm. Fourier 
transform infrared (FTIR) spectra are recorded using Bruker-Tensor-37 spectrometer 
with resolution of 4.0 cm-1 in the frequency range of 370-4000 cm-1. Differential thermal 
analysis (DTA) is performed using STA-8000 Perkin Elmer thermal analyzer in a 
temperature range of 300C to 10000C with an increment of 200C/minute. 
 
4.6 Results and Discussion 
4.6.1 Thermal Analysis   
DTA profiles of SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) as a function of 
temperature are recorded with a controlled nitrogen atmosphere, in a temperature range 
of 30 0C to 1000 0C and are shown in Fig. 4.17. Fig. 4. 17 shows the heat flow in and out 
of system due to endothermic and exothermic reactions. The pristine SmFeO3 sample 
exhibits endothermic peaks at T= 94.60 and 301.70C whereas an exothermic peak is 
observed at about 735.30 C. But on Mn doping these endothermic peaks have started to 
shift towards lower temperatures and for x=0.3 concentration these peaks are observed at 
T= 84.50C, and 212.90C and exothermic peak that was present in pristine sample at 735.3 
0C has been shifted to 5280C. Some additional exothermic peaks are appeared in Mn 
doped samples at higher temperatures. These peaks can be attributed to structural 
transitions on Mn doping at higher temperatures as the exchange interaction of the Mn3+–
Mn4+ depends on the bond angle and the bond length. The decrease of Mn–O bond length 
and Mn–O–Mn bond angle will make Mn3+–Mn4+ exchange interaction stronger, leading 
to the structural transition. 
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Fig. 4.17 Heat flow as a function of temperature for SmFe1-xMnxO3(0≤x≤0.3). 
 
We have calculated the value of heat capacity at constant pressure (Cp) and 
plotted it as a function of temperature as shown in Fig. 4.18. The absolute value of Cp is 
found to be maximum (164.86 mW/gm.degrees) for pristine sample and Mn doping 
reduces this value to 156.05 mW/gm.degrees for x = 0.3 concentration sample. The 
anomaly at 301.7 0C or 575 K in pristine sample can be attributed to phase transition 
from antiferromagnetic to paramagnetic state as this temperature is near to Neel 
temperature of SmFeO3.The reported value of Neel temperature of bulk SmFeO3 is 674 
K, that reduces to lower value in nanoscale SmFeO3. In our samples, Neel temperature 
further reduces on Mn doping. It is consistent with earlier reports that doping at Fe site 
reduces the Neel temperature [11]. 
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Fig. 4.18 Heat capacity at constant pressure (Cp) as a function of temperature for                
SmFe1-xMnxO3(0≤x≤0.3). 
 
We have also plotted the DTA signal in terms of temperature difference (ΔT) and 
in microvolts (μV) as shown in Fig. 4.19 and Fig. 4.20 respectively. These plots are also 
exhibited the endothermic and exothermic peaks at the same positions as shown by heat 
flow or heat capacity plots. 
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Fig. 4.19 DTA (μV) as a function of temperature for SmFe1-xMnxO3(0≤x≤0.3). 
 
 
Fig. 4.20 DTA (ΔT) as a function of temperature for SmFe1-xMnxO3(0≤x≤0.3). 
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4.6.2 Optical Properties and Parameters 
The study of optical properties is useful in order to understand the optoelectronic 
nature of materials. Further, optical properties of orthoferrites can affect the characteristic 
incident light spectrum passing through these materials. Optical absorption studies 
provide a simple path to obtain the band gap energy and explain the band structure of 
materials. 
 
4.6.2.1 UV/Vis. Spectroscopy  
We have recorded the reflectance spectra of Mn doped SmFeO3 in the 
ultraviolet/visible (UV/Vis.) region of wavelength at room temperature.  The reflectance 
(R) has been converted into absorbance (A) using the relation A = -log (R). The variation 
of absorbance with wavelength is shown in Fig. 4.21. These spectra exhibit two main 
absorption peaks at 238 and 371nm for pure SmFeO3. These peaks have been red shifted 
slightly on Mn doping.  
We have plotted the graphs between (αhʋ)1/2 versus hν (indirect transition) and (αhʋ)2 
versus hν (direct transition) as shown in Fig. 4.22 and Fig. 4.23. As evident from Fig. 
4.22 that plots between (αhʋ)1/2 versus hν not give any meaningful result therefore our 
samples follow the direct transition. The values of Eg can be determined by taking the 
intercept of the extrapolation to zero absorption with photon energy axis i.e.  (αhʋ )2 → 0 
(See Fig. 4.22). The energy band gap estimated for SmFeO3 is found to be 2.61 eV, 
doping with Mn decreases the band gap and it became 2.31 eV for x = 0.3 concentration 
sample. In order to confirm our energy band gap values we have plotted the graphs 
between (F(R)hv)2 and hv (Fig. 4.24), where F(R) is Kubelka Munk function, and 
estimated the energy band-gap, these values are nearly the same as we have estimated 
using (αhʋ)2 versus hν plots. In case of pristine sample, energy band gap is found to be 
3.67 eV and decreases to 2.87 eV for x= 0.3 concentration. 
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Fig. 4.21 Absorption spectra of SmFe1-xMnxO3(0≤x≤0.3 ) as a function of wavelength. 
 
 
Fig. 4.22 (αhv)1/2 versus hv plots of SmFe1-xMnxO3 (0≤x≤0.3). 
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Fig. 4.23. (αhv)2 versus hv plots of SmFe1-xMnxO3 (0≤x≤0.3). 
 
 
Fig. 4.24 (F(R)hv)2 versus hv plots of SmFe1-xMnxO3 (0≤x≤0.3). 
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Urbach energy (Eu) calculated through the plot of lnα versus hν as shown in Fig. 
4.25 and Fig. 4.26. In the case of SmFe1-xMnxO3, this energy increases with the increase 
of Mn doping from 387.8 meV for pristine sample to 968.0 meV for x = 0.3 sample near 
the first edge and 1.15 eV to 1.81 eV near the second edge. The increase in Eu suggests 
that Mn doping introduces defects and more number of localized states in SmFeO3. We 
have tabulated the values of Urbach energy and steepness parameter for all the samples in 
Table 4.3. 
 
 
Fig. 4.25. lnα versus hν plots to determine the Urbach energy near the first absorption peak of 
SmFe1-xMnxO3 (0≤x≤0.3). 
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Table 4.3 Urbach energy (Eu) and Steepness parameter (S (T)) for SmFe1-xMnxO3 (x=0, 0.10, 
0.20 and 0.30). 
Composition Near First Absorption Peak Near Second Absorption Peak 
Slope (eV)-1 Eu (meV) S(T)×10-3 Slope (eV)-1 Eu (eV) S(T)×10-3 
SmFeO3 2.5785 387.8 66.66 0.8676 1.1526 22.430 
Sm Fe0.9 Mn0.1O3 1.8259 547.7 47.20 0.7992 1.2512 20.662 
Sm Fe0.8 Mn0.2O3 1.5345 651.7 39.67 0.5658 1.7675 14.627 
Sm Fe0.7 Mn0.3O3 1.0331 968.0 26.71 0.5522 1.8110 14.275 
 
 
Fig. 4.26 lnα versus hν plots to determine the Urbach energy near the second absorption peak of 
SmFe1-xMnxO3 (0≤x≤0.3). 
 
The maximum wavelength of incident radiations required toeject the electrons 
from a surface is defined as threshold wavelength. To calculate the maximum wavelength 
or threshold wavelength (λs) of theincident radiation, we have analyzed 
UV/Vis.absorption data using the following relation [12,13]: 
                                                                 (𝐴/𝜆)2= 𝐺 (1/𝜆−1/𝜆𝑠 )                                  (4.4) 
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where A is the absorption, λ is the wavelength and G is the empirical constant. In order to 
determine the threshold wavelength, we have plotted (𝐴/𝜆)2 versus 1/𝜆 plots for all the 
samples as shown in Fig. 4.27. The threshold wavelength increases with Mn doping and 
become 857.63 nm for x = 0.3 sample as compared to 615.76 nm for pure SmFeO3. 
 
Fig. 4.27. (𝐴/𝜆)2 versus 1/𝜆 plots for SmFe1-xMnxO3 (0≤x≤0.3). 
 
Fig. 4.28 shows the dependent of skin depth, δ onthe incident photon energy, (hν) 
for SmFe1-xMnxO3 (x = 0.0, 0.1, 0.2 and 0.3). It is clear from this figure that, the skin 
depth (δ) decreases as the photon energy increases. This behaviour is exhibited by all the 
samples. 
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                   Fig. 4.28 Skin depth (δ) versus energy plots of SmFe1-xMnxO3 (0≤x≤0.3). 
 
The refractive index calculated using reflectance data shows the highest value 
near the region of strong absorption (~ less than 400 nm). We have plotted the refractive 
index as a function of incident photon wavelength from 400 nm onwards as shown in Fig. 
4.29. This figure illustrates that, for all the samples and at the strong absorption region of 
wavelengths less than 400 nm the refractive index has higher values. This is due to the 
resonance effect betweenthe incident electromagnetic radiation and the 
electronpolarization, which leads to the coupling of electrons in our samples in the 
oscillating electric field. Thereby, there is no propagation of electromagnetic radiation 
through the samples. At longer wavelengths, the refractive index decreases till it reaches 
to the lowest value of about 1.08 at the maximum value of measured wavelength (800 
nm). 
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Fig. 4.29 Plots of refractive index (n) versus wavelength for SmFe1-xMnxO3 (0≤x≤0.3). 
 
Fig. 4.30 represents thevariation of k as a function of energy of the incident 
electromagnetic radiation. This figure reveals that extinction coefficient decreases with 
the increase in energy. At lower energies extinction coefficient is higher for Mn doped 
samples but at higher values of energies pure and Mn doped samples show similar value 
of extinction coefficient. 
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Fig. 4.30 Plots of extinction coefficient (k) versus photon energy for SmFe1-xMnxO3 (0≤x≤0.3). 
 
Fig. 4.31 illustrates the dependence of optical conductivity upon the incident 
photon wavelength for Mn doped SmFeO3. Its value decreases with the increase in 
wavelength or in other words, the opticalconductivity is increased at high photon 
energies. This is due to the high absorbent nature of the samples in that region and also 
might be due to the excitation of electrons by the photon energy. 
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Fig. 4.31 Plots of optical conductivity versus incident photon wavelength for SmFe1-xMnxO3 
(0≤x≤0.3). 
 
4.6.2.2 FTIR Spectroscopy 
We have recorded the FTIR spectra of SmFe1−xMnxO (0≤x≤0.3) at room 
temperature in order to study the vibrational bands present in our system as shown in Fig. 
4.32. We have observed a strong band at ∼397 cm−1. This band is assigned to bending 
vibration of O−Fe−O [14]. The Mn doping shifts this band from 397cm−1 for pristine 
sample to 428 cm-1 for x= 0.3 concentration. This shift may be due to lesser atomic mass 
of Mn as compared to Fe. We have observed second strong band at ∼564 cm−1. This band 
has also shifted on Mn doping, from 564 cm−1 for pristine sample to 576 cm-1 for x= 0.3 
concentration. The sharp absorption band at 564 cm-1 attributed to B-O (Fe-O) stretching 
vibration, being characteristics of the octahedral BO6 groups in the perovskite (ABO3) 
compounds, which is commonly observed in the region 500 -700 cm-1. The bands present 
at ~3424 cm-1and 1618 cm-1 are attributed to the O-H stretching and H-O-H bending 
vibrations of structural moisture. On Mn doping the band present at 3424 cm-1has been 
shifted to 3439 cm-1 for x= 0.3 concentration and that present at 1618 cm-1 shifts to 1641 
cm-1. We have tabulated all these vibration modes for all the compositions in Table 4.4. 
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Fig. 4.32 FTIR spectra of SmFe1-xMnxO3 (0≤x≤0.3) recorded at room temperature. 
 
 
   Table 4.4 Vibration modes of SmFe1−xMnxO (x = 0.0, 0.1, 0.2 and 0.3).  
 Composition   Vibration modes 
)1-(cm  3SmFeO 3O0.1Mn0.9SmFe 3O0.2Mn0.8SmFe 3O0.3Mn0.7SmFe 
397 403 416 428 O−Fe−O bending 
564 567 569 576 Fe-O stretching 
1618 1624 1637 1641 H-O-H bending 
3424 3430 3436 3439 O-H stretching 
 
 
 
 
 
 
 
 
 
Chapter 4                                                                             Thermal and Optical Properties 
 
P a g e  | 133 
References  
 
1. H. Aono, E. Traversa, M. Sakamoto, and Y. Sadaoka, Sens. Actuators B. 94 
(2003) p. 132139.  
2. M.C. Carotta, G. Martinelli, Y. Sadaoka, P. Nunziante, and E. Traversa, 
Sens. Actuators B. 48 (1998) p.  270.  
3. S.M. Bukhari, and J.B. Giorgi, Solid State Ionics. 180 (2009) p.198. 
4.  J.-H. Lee, Y. K. Jeong, J. H. Park, M.-A. Oak, H. M. Jang, J. Y. Son, and J. 
F. Scott, Phys. Rev. Lett. 107, (2011). p. 117201. 
5. R. D. Johnson, N. Terada, and P. G. Radaelli, Phys. Rev. Lett. 108, (2012). 
p.219701. 
6. J.-H. Lee, Y. K. Jeong, J. H. Park, M.-A. Oak, H. M. Jang, J. Y. Son, and J. 
F. Scott, Phys. Rev. Lett. 108, (2012). p. 219702. 
7. G. Martinelli, M. C. Carotta, M. Ferroni, Y. Sadaoka, and E. Traversa, Sens. 
Actuators B 55 (1999) p. 99. 
8. H. Aono, E. Traversa, M. Sakamoto, and Y. Sadaoka, Sens. Actuators B 94 
(2003) p. 132. 
9. X. Niu, W. Du, and W. Du, Sens. Actuators B 99 (2004) p. 399. 
10. M. Siemons and U. Simon. Solid State. Phenomena. 128 (2007) p 225. 
11. J. Shah, and R. K. Kotnala, Scripta Materialia, 67 (2012) p.316. 
12. H. R. Shakur, Physica E, 44 (2011) p. 641. 
13. L. Pedone, D. C. Martino, V. Panto, and V. TurcoLiveri, Mat. Sci. Engg. C, 
23 (2003) p. 531. 
14. J. Ding, X. Lu, H. Shu, J. Xie, and H. Zhang, Mat. Sci. Engg.B, 171 (2010) 
p.31. 
 
 
 
 
 
 
Chapter 5 
 
Study of dielectric properties and AC conductivity of Mn doped 
GdFeO3 
 
 
5.1 Motivation and introduction 
Dielectric properties of materials are significant in view of their applications as 
capacitive component in devices. AC conductivity measurements reveal the nature of 
ionic motion and conduction mechanism in the ionically conducting materials. In view of 
above we have studied the dielectric properties and ac conductivity mechanism of  
GdFe1-xMnxO3 (x=0.0, 0.10, 0.20, and 0.30). 
 
5.2 Sample preparation and experimental details 
We have employed the standard solid state reaction route to synthesize the nano-
crystalline samples of GdMnxFe1-xO3(x=0, 0.10, 0.20, and 0.30) (GFMO). The dielectric 
properties were measured using LCR meter (Agilent 4285 A) precision as a function of 
frequency of the applied ac field in the range of 75 kHz to 5 MHz and as a function of 
temperature ranging from room temperature to 400o C. 
 
5.3 Results and Discussion 
5.3.1 Dielectric properties 
5.3.1.1 Dielectric constant  
We have measured the dielectric constant of GdFe1-xMnxO3 (0 <x < 0.3) as a 
function of frequency ranges from 75 kHz to 5 MHz at room temperature as shown in 
Fig.5.1. It is evident from these plots that real part of dielectric constant (έ) decreases 
with the increase in frequency. The parent system, GdFeO3, shows relatively lower value 
of έ but its value increases with the increase in Mn concentration. The low value of 
dielectric constant is attributed to nano-crystalline nature of our samples. As smaller 
grains contain large surface boundaries and are regions of high resistance. This reduces 
the interfacial polarization and hence the dielectric constant is found to be smaller than 
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those reported for bulk materials [1]. But as the crystallite size increases with the increase 
in Mn concentration, dielectric constant also exhibits an increase. When electric field is 
applied hopping of electron starts between Fe2+ and Fe3+ ions. The grain boundaries 
hinder the motion of these electrons that results in space chargepolarization. The free 
charge carriers at grain boundaries and oxygen ion vacancies created during sintering are 
other sources of this type of polarization. The synchronization of induced electric 
moment or electron hopping with applied field, at lower frequencies, results in higher 
value of dielectric constant. When frequency of applied field increases, the direction of 
motion of electrons altered, consequently less number of electron accumulate at the grain 
boundaries. This decreases the space charge polarization and hence the dielectric 
constant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.1. Frequency dependence of real part of dielectric constant of GdFe1-xMnxO3(x=0.0, 0.1, 
0.2 and 0.3) at room temperature. 
 
In order to understand the nature of the dielectric response of the samples, the 
frequency dependent data at room temperature was analyzed in the light of universal 
dielectric response (UDR) model [2]. According to this model, localized charge carriers 
hopping between spatially fluctuating lattice potentials not only produce the conductivity 
Chapter 5                      Dielectric Properties and AC Conductivity of Mn Doped GdFeO3 
 
P a g e  | 137 
but may give rise to the dipolar effects. To verify this behavior, we have plotted log (f) 
versuslog(ε′×f)as shown in Fig. 5.2. The plots should show a linear behavior and we 
have found the data fitted nicely for all the samples with slight deviation for higher 
concentrations that too at lower frequencies. Therefore, we conclude that UDR 
phenomenon is responsible for dielectric response in these samples in the whole 
frequency range except for lower frequencies and that too for higher Mn concentration 
samples. 
 
Fig. 5.2 Plots of  𝑙𝑜𝑔(𝑓) versus 𝑙𝑜𝑔(𝜀′×𝑓)with linear fit for GdFe1-xMnxO3(x=0.0, 0.10, 0.20 and 
0.03). 
 
We have also studied the dielectric constant of our samples as a function of 
temperature at a constant frequency in the temperature range from room temperature to 
400o C as shown in the Fig. 5.3. We have observed the temperature dependent behavior 
of dielectric constant at selected frequencies in the range of 75 kHz to 5 MHz. A peak is 
observed in the temperature dependent dielectric plots near the Néel temperature (673K) 
of GdFeO3 [3] except for x = 0.3 concentration sample. The observed enhancement in 
dielectric constant may be due to the fact that Mn+3 ions doping induces free charge 
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carriers in the system, hence the high polarizability of conductive particles can be 
responsible for the increase in dielectric constant [4]. 
 
Fig.5.3. The variation of real part of dielectric constant of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 
and 0.3) as a function of temperature at selected frequencies. 
 
The temperature dependent dielectric constant plots reveal that dielectric constant 
behaves independently at lower temperatures while at higher temperatures it increases 
with the increase in temperature for all frequencies. This behavior at higher temperatures 
is due to generation of extra thermal energy that enhances the mobility of charge carriers 
and in turn increases the rate of hopping, while as the thermal energy at lower 
temperatures does not contribute to mobility of charge carriers. This observed mechanism 
setup the higher polarization at higher temperature which increases the dielectric 
constant. This increase in dielectric constant is observed till Neel temperature. 
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Fig.5.4 shows the variation of imaginary part of dielectric constant as a function 
of frequency at room temperature for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). It was 
observed that the dielectric constant continues to decrease at lower frequencies and 
becomes constant at higher frequencies. The fast rising trend of ε′′ at low frequencies 
may be due to the polarization mechanism associated with the thermally activated 
conduction of mobile ions and/or other defects. The higher values of dielectric 
permittivity are observed only at very high temperature and very low frequencies which 
is may be due to the free charge build up at interfaces within the bulk of the sample 
(interfacial Maxwell-Wagner (MW) polarization) [5] and at the interface between the 
sample and the electrodes (space-charge polarization). 
 
 
Fig.5.4 Frequency dependence of imaginary part of dielectric constant of GdFe1-xMnxO3 (x=0.0, 
0.1, 0.2 and 0.3). 
 
In order to understand the distribution of relaxation times the Cole-Cole plots are 
drawn between 𝜀” (𝑓) versus 𝜀’ (𝑓) at room temperature as shown in Fig. 5.5. These plots 
are useful for materials that have one or more well separated relaxation processes with 
comparable magnitudes. Cole- Cole plots exhibit a semicircle for a Debye relaxation 
process. In our case, these plots do not fit into complete semicircles indicating non Debye 
type relaxation phenomena in these materials. It is evident that the doping of Mn3+ has a 
significant effect on the shape of Cole-Cole plots and the sample with x = 0.3 
concentration exhibit almost linear behavior. The departure from semicircle shape to like 
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an asymptotic behavior may be attributed to larger value of conductivity or high 
frequency capacitance [6]. 
 
 
 
Fig. 5.5 Cole-Cole plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3) at room temperature. 
 
5.3.1.2 Impedance analysis 
The frequency dependence of real (𝑍′) and imaginary (𝑍") parts of impedance of 
GdFe1-xMnxO3 (x=0.0, 0.1, 0.2 & 0.3) frequency is shown in Fig. 5.6 (a) and Fig. 5.6 (b) 
respectively. Both 𝑍′ and 𝑍"  decrease with the increase in frequency as well as increase 
in Mn concentration. The observed decrease in impedance results due to the reduction of 
active Fe3+ ions (at the B site) on Mn doping. Electron hopping between Fe3+ and Fe2+ 
ions (Fe3+ and Fe2+) is the primary mechanism by which electrical conduction occurs in 
ferrites [7]. Thereby an increase in the Mn concentration decreases the grain size and 
formation of insulating secondary phase at the grain boundaries. It must be noted that 
smaller the grain size, the more the number of grain boundaries. Thus, the bulk of the 
impedance is contributed by the insulating grain boundaries. It is well known that charge 
localization with strong lattice distortion can occur due to the lattice-distortion due to a 
strong electron-lattice interaction, i.e., small polaron formation. Small polaron formation 
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allows the charge carriers to locally distort the lattice around it, subsequently trapping 
itself in the resulting potential well. Consequently, electrical resistivity enhances [8, 9]. 
 
Fig.5.6 (a) The variation of real and (b) Imaginary parts of Impedance as a function of 
frequency for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3) at room temperature. 
 
Fig.5.7 Nyquist plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at room temperature. 
 
Fig. 5.7 shows the Nyquist plots of our samples and their magnified form in the 
low frequency region with the Randles equivalent circuit are shown in Fig. 5.8. It is well 
known that in Nyquist plots semicircle with smaller resistance appears at higher 
frequencies. Generally, grain resistance due to grains is lower than the grain boundaries 
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resistance. Therefore, the distorted or depressed semicircle at higher frequency side as 
shown in Fig.5.8 is an indicative of the relaxation process due to grains and then we have 
another active region at lower frequencies may be due to grain boundaries. The 
equivalent circuit for these plots is shown in the inset of Fig. 5.8.  The circuit parameters 
have been obtained using Zview software and summarized in Table 5.1. The contact 
resistance (Rs) is found to be in the range of 22-26 kΩ and bulk resistance (Rp) decreases 
with the increase in Mn concentration. It implies that conductivity of our samples 
increases with the Mn doping. There is no significant change is observed in Cp on Mn 
doping while Warburg impedance (Zw) increases.  
 
.
 
Fig. 5.8 Magnified Nyquist plots for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) in the low frequency 
region with Randles equivalent circuit fitted with Warburg impedance of Nyquist plots. 
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Table 5.1. Circuit parameters obtained using Nyquist plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 
and 0.3) for Randlesequivalent circuit fitted with Warburg impedance. 
Concentration 
(x) 
Rs(kΩ) Cp (µF) Rp(kΩ) ZW (µS.s0.5) 
0.0 22.17 1.069 19.5 1.160 
0.10 23.91 1.068 19.0 1.303 
0.20 25.99 1.066 16.8 1.339 
0.30 26.93 1.063 15.6 1.380 
 
5.3.1.3 Dielectric loss  
The dielectric loss (tan (δ))is an important parameter to determine the suitability 
of a dielectric material application wise. We have measured the dielectric loss (tan (δ)) 
for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) as a function of frequency at room 
temperature (Fig.5.9) and as a function of temperature at selected frequencies (Fig.5.10). 
The higher value of dielectric loss at lower frequencies is the effect of interfacial loss but 
it decreases with the increase in frequency. Moreover, at lower frequencies, higher 
energy is needed for mobility of electrons between ions due to presence of grain 
boundaries resulting in higher energy loss. But this situation eases at higher frequencies 
where resistivity is low due to presence of grains.  The dielectric loss as a function of 
temperature increases with the increase in temperature. This increase in loss is attributed 
to charge exchange between Fe2+→ Fe3+ through high resistive grain boundary that 
results in complete polarization and hence higher value of dielectric loss. It is evident 
from Fig.5.10 that dielectric loss is maximum for x = 0.3 concentration. This indicates 
that the presence of Mn at Fe site in GdFeO3 strengthen the dipole-dipole interaction 
leading to hindrance to the rotation of dipoles and resulting in increase in dielectric loss.  
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Fig.5.9 The room temperature variation of dielectric loss(𝑡𝑎𝑛 (𝛿)) as a function of frequency for 
GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.10. Temperature dependence of dielectric loss (𝑡𝑎𝑛 (𝛿)) at selected frequencies of                    
GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). 
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5.3.1.4 Electrical modulus 
The electric modulus is an electrical analogue to the mechanical shear modulus 
and it is useful in describing the relaxation phenomena in grains. The electrical modulus, 
M*, is defined in terms of the reciprocal of the complex relative permittivity, ε*(ω), as:  
𝑀∗(𝜔) =
1
𝜀∗(𝜔)
= 𝑀′(𝜔) + 𝑖𝑀"(𝜔)    (5.1) 
where M'(ω) and M''(ω) are the real and imaginary parts of the electrical modulus, these 
can be represented by using the complex dielectric constants with the following relations:  
𝑀′(𝜔) =
𝜀′(𝜔)
𝜀′(𝜔)2+𝜀"(𝜔)2
                                       (5.2) 
𝑀"(𝜔) =
𝜀"(𝜔)
𝜀′(𝜔)2+𝜀"(𝜔)2
                                      (5.3) 
We have calculated the real and imaginary parts of electric modulus for our 
samples and plotted as a function of logarithm of frequency at different temperatures as 
shown in Fig. 5.11 and Fig. 5.12. It can be seen that the value of 𝑀′ increases with the 
increase in frequency and reaches a maximum value and then start to decrease. This 
peaking behavior converted into a hump with the increase in temperature. Moreover, this 
peak/hump shifts towards the higher frequency with the increase in temperature. This is 
an indicative of decrease in relaxation time and hence an increase in conductivity due to 
thermal activation of charge carriers. Furthermore, the effect of Mn doping can be 
observed in 𝑀" versus log(ω) plots for different Mn concentrations. The relaxation peak 
is shifted towards lower frequency on increase in Mn doping. We have not observed the 
peak for certain temperatures for different compositions, as the peak may occur beyond 
the range of measured frequency. 
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Fig.5.11 The variation of real part of electric modulus with log(ω) for GdFe1-xMnxO3(x= 0.0, 0.1, 
0.2 and 0.3) at different temperatures. 
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Fig.5.12. The variation of imaginary part of electric modulus with log(ω) for GdFe1-xMnxO3(x= 
0.0., 0.1, 0.2 and 0.3) at different temperatures. 
 
5.3.2 AC conductivity  
In order to understand the conduction mechanism and the type of polarons 
responsible for conduction, ac conductivity (σac) is calculated using the following 
relation: 
𝜎𝑎𝑐  = 𝜔𝜀𝑜𝜀′𝑡𝑎𝑛𝛿 =  2𝜋𝑓𝜀𝑜𝜀′𝑡𝑎𝑛𝛿                                       (5.4) 
where εo = 8.854 ×10-12F m-1 and f is the frequency (in Hz) of the applied electric field. 
The total conductivity σtot(ω) at a particular angular frequency, ω, and at a certain 
temperature can be written as: 
𝜎𝑡𝑜𝑡(𝜔)  =  𝜎𝑎𝑐(𝜔)  +  𝜎𝑑𝑐                                       (5.5) 
where σac(ω)is the AC conductivity that depends on frequency as well as temperature and 
σdc is the DC conductivity that depends only on temperature. We have plotted log(σac(ω)) 
versus log(ω) plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at room temperature as 
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shown in  Fig. 5.13. It is evident from these plots that the AC conductivity, σac(ω), 
remains almost constant for lower frequencies and then started to increase beyond a 
particular frequency known as hopping frequency. This type of frequency dependence is 
described by the following equation: 
𝜎𝑎𝑐(𝜔) =  𝜎0 + 𝐴𝜔
𝑠                                       (5.6) 
where σ0 is the DC conductivity, and s and A are characteristic parameters “A” defines 
the strength of polarizability and “s” represents the degree of interaction between mobile 
ions with the lattice. The exponent s lies in the range of 0 to 1. 
In the low frequency region, grain boundaries with high resistance are effective, 
giving a constant plateau region (σdc). At higher frequencies, the increase in conductivity 
is due to grain effect and increased hopping of charge carriers between Fe2+and Fe3+ions 
at the adjacent octahedral sites. We have plotted log(σ) versus log(ω) plots (Fig.5.13) and 
determine the slope from the linear fits (Fig.5.14) as that would represent s. We have 
determined s for all the compositions and in different frequency intervals as shown in 
Table 5.1. The value of s parameter decreases with the increase in frequency. But on Mn 
doping a decrease is observed for x = 0.1 concentration sample but subsequent doping 
resulted in higher s value but still remains lower than pristine sample (GdFeO3). The 
observed higher values of these quantities reveal that there is hopping between Mn3+ to 
Mn4+ and Fe3+ to Fe2+ at the octahedral sites of the compound [10].  
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Fig.5.13 log(σ) versus log(ω) plots for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at room 
temperature. Insets show the frequency dependence of ac conductivity (σ) at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.14 Linear fits for different frequency interval for log(σac) versus log(ω) plots of           
GdFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3). 
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Table 5.1 The values of s-parameter of GdFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3) for different 
frequency intervals at room temperature. 
Frequency 
interval(kHz) 
S-parameter 
x=0 x=0.1  x=0.2 x=0.3 
75-225 0.99 0.29 0.52 0.58 
225-375 0.59 0.27 0.39 0.58 
375-610 0.55 0.23 0.26 0.54 
610-775 0.47 0.21 0.26 0.47 
 
We have studied the temperature dependent ac conductivity (σ) at selected 
frequencies for GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). The conductivity data is fitted 
using Arrhenius equation (Jonscher’s law) [11-13] of the form: 
𝜎 = 𝜎0𝑒𝑥𝑝 − 𝐸𝑎/𝑘𝐵𝑇                                     (5.7) 
where σ0 is the pre-exponential factor and Ea is the activation energy for conduction, 
kB the Boltzmann constant and T the absolute temperature. The ln(σ) versus 1/T plots and 
conductivity (σ) versus temperature plots as insets for all the concentrations are shown in 
Fig.5.15. These plots are divided in to two different temperature regions before and after 
the transitions, that occur around 450 to 570 K for different concentrations. The ln(σ) 
versus 1/T plots with linear fits in the temperature range 303-350K and 620-673K are 
shown in Fig. 16 and Fig.17. The activation energies are calculated for all the samples at 
different frequencies. The values of activation energies are tabulated in Table 5.2. As 
evident from this table that activation energy remains almost constant in the temperature 
range 303-350K, both as a function of frequency as well as concentration. But in the 
higher temperature range, activation energy of pristine sample increases with the increase 
in frequency while all Mn doped samples exhibit a decrease in activation energy with the 
increase in frequency. The ac conductivity alteration identifies that the conduction 
mechanism follows the charge hopping between localized states. The observed activation 
energy values indicate towards the small polaron hopping conduction mechanism [14-15] 
in Mn doped samples. The hopping frequency of charge carriers seems to be the function 
of the frequency of the applied field results in increase in mobility of charge carriers in 
case of Mn doped samples and hence the activation energy decreases with the increase in 
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frequency. In case of pristine sample, due to lack of hopping mechanism, conductivity is 
lower and activation energy values are found to increasewith the increase in frequency 
since at certain higher frequency the hopping of charge carriers ceases to follow the 
applied field frequency and deteriorates the conductivity. 
 
 
Fig.5.15 ln(σ) versus 1/T plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at selected frequencies. 
Insets show the temperature dependence of conductivity plots.  
 
The increase in conductivity due to increase in temperature can be explained as 
follows: When the temperature is increased, the vibrational energy of a segment is 
sufficient to push against the hydrostatic pressure imposed by its neighboring atoms and 
creates a small amount of space surrounding its own volume in which vibrational motion 
can occur. Therefore, the free volume causes the mobility of ions and hence an increase 
in conductivity. The increment of temperature results in increase in conductivity due to 
the increased free volume [16]. 
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Fig.5.16 The ln(σ)versus 1/T plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with linear fits in the 
temperature range 303-350K. 
 
Fig.5.17 The ln(σ)versus 1/T plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with linear fits in the 
temperature range 620-673K. 
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Table 5.2 The activation energy of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) in the temperature 
range 303-350K before transition and in the temperature range 620-673K after transition at 
different frequencies. 
Frequency(Hz) 
Ea (eV) 
 Temperature range 303-350K Temperature range 620-673K  
x=0.0 x=0.10 x=0.20 x=0.30 x=0.0 x=0.10 x=0.20 x=0.30 
75×103 0.01 0.02 0.01 0.02 0.18 0.43 0.53 0.56 
1.0×106 0.04 0.03 0.03 0.03 0.46 0.39 0.45 0.47 
3.0×106 0.05 0.03 0.03 0.03 0.97 0.36 0.44 0.45 
4.0×106 0.03 0.03 0.03 0.03 1.01 0.35 0.41 0.45 
 
In order to understand the nature of transport mechanism in our samples, we have 
plotted the frequency dependent conductivity data at different temperatures. Some of 
these plots are shown in Fig. 18. These plots are fitted linearly using 𝜎𝑎𝑐(𝜔) = 𝐴𝜔
𝑠 to 
determine the s parameter at different temperatures. Several models such as correlated 
barrier hopping (CBH), overlapping large polaron tunneling (OLPT), non-overlapping 
small polaron tunneling (NSPT), and quantum mechanical tunneling (QMT) are based on 
the relaxation caused by the hopping or tunneling of electrons (polarons) or atoms 
between equilibrium sites. They have been developed to explain the frequency and 
temperature dependence of the AC conductivity in several limited temperature ranges 
[17]. 
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Fig.5.18. The log(σ) versus log(ω) plots of GdFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3) at different 
temperatures. 
 
In this study, we make use of the two models namely correlated barrier hopping 
(CBH) and non-overlapping small polaron tunneling (NSPT) models to fit the 
temperature dependent s parameter data and calculated the polaron hopping energy. 
 
CBH model 
 
In the CBH model, the electrons in charged defect states hop over a Coulombic 
barrier whose height, W, is given as 
𝑊 = 𝑊𝑀 −
𝑛𝑒2
𝜋𝜀’𝜀0𝑟
                                       (5.8) 
where ε and ε0 are the dielectric constants of the material and free space, respectively. 
WM is the maximum barrier height, 𝜀’ the dielectric constant of the material, r the 
distance between two hopping sites, and n is the number of electrons involved in a hop (n 
= 1 and 2 for the single polaron and bi-polaron processes, respectively). Also in this 
model, conduction occurs via bipolaron hopping process wherein two electrons 
simultaneously hop over the potential barrier between two defect states and the barrier 
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height is correlated with the intersite separation via Coulombic interaction. The AC 
conductivity in this model is given by 
 
 𝜎𝑎𝑐(𝜔) =
𝑛𝜋2𝑁𝑁𝑃𝜀
′𝜔𝑅𝜔
6
24
                                       (5.9) 
where n is the number of polarons involved in the hopping process, NNp is 
proportional to the square of the concentration of the states, and ε’ is the dielectric 
constant. Rω is thehopping distance for conduction (ωτ=1), and N is the density of pairs 
of sites and the hopping length Rω is given by 
    𝑅𝜔 =
4𝑛𝑒2
𝜋𝜀′𝜀0[𝑊𝑀−𝑘𝐵𝑇𝑙𝑛(
1
𝜔𝜏0
)]
                                   (5.10) 
   
where, 𝑁𝑁𝑃  =  𝑁𝑇 for bipolaron hoppingwhere NT is the number of density of state 
and,  𝑁𝑁𝑃 = 𝑁𝑇
2𝑒
−𝑈𝑒𝑓𝑓
2𝑘𝐵𝑇     for single polaron hopping    
   
In CBH model, the conduction occurs via single polaron (or bipolaron) hopping 
process over the Coulomb barrier separating two defect centers. Using CBH model, the 
frequency exponent s in the electron CBHmodel is evaluated to be [18-19] 
 
𝑠 = 1 −
6𝑘𝐵𝑇
𝑊𝑀−𝑘𝐵𝑇𝑙𝑛(𝜔𝜏0)
                                                (5.11) 
 
 
where τ0 is the characteristic relaxation time (in the order of atom vibrational period 
τ0=10-13 s). We notice that at least for the small values of WM/kBT, “s” increases with the 
increase in frequency, but for the large values of WM/kBT, “s” is a nearer unity and the 
increase is so small that “s” is effectively independent of frequency. Therefore for first 
approximation of this equation gives the simple expression [20] 
 
𝑠 = 1 −
6𝑘𝐵𝑇
𝑊𝑀
                                                        (5.12) 
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NSPT model 
In NSPT model, the exponent s could be calculated using the formula [21] 
𝑠 = 1 −
4𝑘𝐵𝑇
𝑊𝑀−𝑘𝐵𝑇𝑙𝑛(𝜔𝜏0)
                                     (5.13) 
For large values of WM/kBT, s becomes 
𝑠 = 1 −
4𝑘𝐵𝑇
𝑊𝑀
                                                             (5.14) 
The AC conductivity according to this model is given by [22] 
𝜎𝑎𝑐(𝜔) =
𝑒2𝜋2𝑘𝐵𝑇𝛼
−1𝜔[𝑁(𝐸𝐹)]
2𝑅𝜔
4
12
 and𝑅𝜔 =
1
2𝛼
[𝑙𝑛 (
1
𝜔𝜏0
) −
𝑊𝑀
𝑘𝐵𝑇
]  (5.15) 
   
 
where α-1 is the spatial extension of the polaron, WM is the polaron hopping energy, N 
(EF) is the density of states near the Fermi level, and Rω is the tunneling distance. 
We have plotted (1-s) versus temperature plots for all the samples of                        
GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) as shown in Fig. 19 to investigate the nature of 
conduction processes in different temperature zones. We have divided the fits in four 
/two phases as per the 1-s values in different temperature zones. As evident from Fig. 19, 
that pristine sample follows the CBH model in all the temperature zones. But   x = 0.1 
and x = 0.2 samples follow the CBH model below 450 K and above this temperature 
NSPT model is followed. But in case of x = 0.3 concentration sample, conduction is 
governed by NSPT model below 450K and above this temperature conduction follows 
the CBH model.  We have plotted separately these fits in different zones as shown in Fig. 
20 and determined the polaron hopping energy as per the model followed in that 
particular phase. All the values of polaron hopping energy (WM) are tabulated in Table 5. 
The polaron hopping energy, WM, for pristine sample increases with the increase in 
temperature. But on Mn doping hopping energy decreases for both CBH and NSPT 
models. The variation of polaron hopping energy with temperature indicates that the 
conductivity in the material is thermally activated, and increase in temperature increases 
the degree of overlap of coulombic potential wells of the considered sites [23]. 
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Fig.5.19 (1-s) versus temperature plots of GdFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3).. 
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Fig.5.20 Linear fits of (1-s) versus temperature plots of GdFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3) 
for all the temperature zones.. 
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Table .5.3 The polaron hopping energy (WM) in different temperature zones for                   
GdFe1-xMnxO3(x=0.1, 0.2 & 0.3). 
Temperatu
re zones 
(K) 
x=0  x=0.1 x=0.2  x=0.3  
Phase/mod
el 
WM 
(eV) 
Phase/mod
el 
WM 
(eV) 
Phase/mode
l 
WM(
eV) 
Phase/mod
el 
WM 
(eV) 
303-400 I  /CBH 0.69 I /CBH 0.11 I /CBH 0.11 I  / NSPT 0.12 
400-453 II /CBH 0.46 I /CBH 0.11 I /CBH 0.11 I  / NSPT 0.12 
453-638 III /CBH 0.43 II /NSPT 0.17 II / NSPT 0.28 II   /CBH 0.36 
638-673 IV/CBH 0.26 II / NSPT 0.17 II / NSPT 0.28 II   /CBH 0.37 
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Chapter 6 
 
Study of dielectric properties and AC conductivity of Mn doped 
SmFeO3 
 
6.1 Motivation and introduction 
SmFeO3 (SFO) is another important material in orthoferrite family. Dielectric 
behavior of SFO ceramics is scarcely found in literature. In order to observe the effect of 
Mn doping on dielectric properties and ac conductivity of Mn doped SmFeO3 we have 
synthesized SmFe1-xMnxO3 (x=0, 0.10, 0.20, and 0.30) and studied the dielectric 
properties including dielectric constant, impedance, tanget loss etc. 
 
6.2 Sample preparation and experimental details 
We have employed the standard solid state reaction route to prepared bulk 
polycrystalline samples of SmFe1-xMnxO3 (x=0, 0.10, 0.20, and 0.30) (SFMO). The 
dielectric measurements the samples were palletized in disk shape at a pressure of 6 
ton/cm2 for 5 minutes using the hydraulic press, and silver paste was sputtered on their 
surfaces to ensure good electrical contact with the electrode capacitor. The dielectric 
properties were measured using LCR meter (Agilent 4285 A) precision as a function of 
frequency of the applied ac field in the range of 75 kHz to 5 MHz and as a function of 
temperature ranging from room temperature to 400o C. 
 
6.3 Results and Discussion 
6.3.1 Dielectric properties 
6.3.1.1 Dielectric constant 
We have measured the dielectric constant real part of SmFe1-xMnxO3 (0 <x < 0.3) 
as a function of frequency range from 75 kHz to 5 MHz at room temperature as shown in 
Fig. 6.1. It is evident from plots that real part of dielectric constant (έ) decreases with the 
increase in frequency. The parent system, SmFeO3, shows relatively lower value of έ but 
its value increases with the increase in Mn concentration.  The low value of dielectric 
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constant is attributed to nano-crystalline nature of our samples. As smaller grains contain 
large surface boundaries and are regions of high resistance. This reduces the interfacial 
polarization and hence the dielectric constant is found to be smaller than those reported 
for bulk materials [1]. But as the crystallite size increases with the increase in Mn 
concentration, dielectric constant also exhibits an increase. When electric field is applied 
hopping of electron starts between Fe2+ and Fe3+ ions. The grain boundaries hinder the 
motion of these electrons that results in space charge polarization. The free charge 
carriers at grain boundaries and oxygen ion vacancies created during sintering are other 
sources of this type of polarization. The synchronization of induced electric moment or 
electron hopping with applied field, at lower frequencies, results in higher value of 
dielectric constant. When frequency of applied field increases, the direction of motion of 
electrons altered, consequently less number of electron accumulate at the grain 
boundaries. This decreases the space charge polarization and hence the dielectric 
constant. 
 
Fig. 6.1 The variation of real part of dielectric constant of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) 
as a function of frequency. 
 
In order to understand the nature of the dielectric response of the samples, the 
frequency dependent data at room temperature was analyzed in the light of universal 
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dielectric response (UDR) model [2]. According to this model, localized charge carriers 
hopping between spatially fluctuating lattice potentials not only produce the conductivity 
but may give rise to the dipolar effects. To verify this behavior, we have plotted log (f) 
versuslog(ε′×f)as shown in Fig. 6.2. The plots should show a linear behavior and we 
have observed deviation from this linear behaviour for the host SmFeO3 and x=0.30 
samples in the lower frequencies region, whereas it fitted linearly for x=0.10 and 0.20 for 
whole range of frequencies. Therefore, we conclude that UDR phenomenon is 
responsible for dielectric response in these samples in the whole frequency range with the 
comment that host sample and x=0.30 show slight deviation that too at lower frequencies. 
 
 
Fig. 6.2 Plots of  𝑙𝑜𝑔(𝑓) versus 𝑙𝑜𝑔(𝜀 ′×𝑓)with linear fit for SmFe1-xMnxO3(x=0.0, 0.10, 0.20 and 
0.03) 
We have also studied the dielectric constant of our samples as a function of 
temperature at a constant frequency in the temperature range from room temperature to 
400o C as shown in the Fig. 6.3. We have observed the temperature dependent behavior 
of dielectric constant at selected frequencies in the range of 75 kHz to 5 MHz. It is 
evident from plots that real part of dielectric constant (έ) increases with the increase in 
temperature and decreases with the increase of frequency. The parent system, SmFeO3, 
Chapter 6                      Dielectric Properties and AC Conductivity of Mn Doped SmFeO3 
 
P a g e  | 166 
shows relatively lower value of έ but its value increases with the increase in Mn 
concentration. No peak is observed in the temperature dependent dielectric constant plots 
as we have measured the dielectric constant up to 673K and Néel temperature of SmFeO3 
is 674K [3]. The observed enhancement in dielectric constant may be due to the fact that 
Mn+3 ions doping induces free charge carriers in the system, hence the high polarizability 
of conductive particles can be responsible for the increase in dielectric constant [4]. 
 
 
 
 
Fig.6.3 The real part of dielectric constant as a function of temperature (in 0C) SmFe1-xMnxO3 
(x=0.0, 0.1, 0.2 and 0.3) at different frequencies. 
 
The temperature dependent dielectric constant plots reveal that dielectric constant 
behaves independently at lower temperatures while at higher temperatures it increases 
with the increase in temperature for all frequencies. This behavior at higher temperatures 
is due to generation of extra thermal energy that enhances the mobility of charge carriers 
and in turn increases the rate of hopping, while as the thermal energy at lower 
temperatures does not contribute to mobility of charge carriers. This observed mechanism 
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setup the higher polarization at higher temperature which increases the dielectric 
constant. This increase in dielectric constant is observed till Neel temperature. 
Fig.6.5 shows the variation of imaginary part of dielectric constant as a function 
of frequency at room temperature for SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). It was 
observed that the dielectric constant continues to decrease at lower frequencies and 
becomes constant at higher frequencies. The fast rising trend of ε′′ at low frequencies 
may be due to the polarization mechanism associated with the thermally activated 
conduction of mobile ions and/or other defects. The higher values of dielectric 
permittivity are observed only at very high temperature and very low frequencies which 
is may be due to the free charge build up at interfaces within the bulk of the sample 
(interfacial Maxwell-Wagner (MW) polarization) [5] and at the interface between the 
sample and the electrodes (space-charge polarization). 
 
Fig. 6.5 The variation of imaginary part of dielectric constant for SmFe1-xMnxO3(x=0.0, 0.1, 0.2 
and 0.3) as a function of frequency. 
 
In order to understand the distribution of relaxation times the Cole-Cole plots are 
drawn between 𝜀” (𝑓) versus 𝜀’ (𝑓) at room temperature as shown in Fig. 6.6. These plots 
are useful for materials that have one or more well separated relaxation processes with 
comparable magnitudes. In our case, these plots do not fit into semicircles indicating non 
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Debye type relaxation phenomena in these materials. It is evident that the doping of Mn3+ 
has a significant effect on the shape of Cole-Cole plots and all Mn concentration exhibit 
almost linear behavior. The departure from semicircle shape to like an asymptotic 
behavior may be attributed to larger value of conductivity or high frequency capacitance 
[6]. 
 
Fig. 6.6 .Cole-Cole plots of   SmFe1-xMnxO3(x=0.0, 0.1, 0.2 &0.3) at room temperature. 
 
6.3.1.2 Impedance analysis 
The variation of real part of impedance 𝑍′ and 𝑍"  with frequency is shown in 
Fig.6.7. It can be noted that 𝑍′ and 𝑍"  decreases with increasing frequency and increases 
with increasing concentration. The variation of real part of impedance 𝑍′ versus 𝑍" with 
frequency is shown in Fig.6.8. It can be noted the relation between 𝑍′ and 𝑍"  is linearly 
dependant and not fitted to curve.  The observed impedance results and the effect of Mn 
can be understood as follows. The structure, electrical, and impedance properties of 
SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 and 0.3) are dependent on microstructure and chemistry, 
which in turn depend on the synthesis processes and conditions employed for fabrication. 
Generally, the stoichiometry, microstructure in terms of grain size and grain boundaries, 
and the ions that substitute Fe3+/Fe2+ ions dictate the electrical properties. The first most 
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significant one is the reduction of active Fe3+ ions (at the B site) by Mn substitution. 
Electron hopping between Fe3+ and Fe2+ ions (Fe3+/Fe2+) is the primary mechanism by 
which electrical conduction occurs in ferrites [7]. The increase of  Mn concentration 
increases grain size reduction and formation of insulating secondary phase at the grain 
boundaries.  The increase in grain size with Mn concentration is also evidenced in 
Chapter 3.  It must be noted that smaller the grain size, the more the number of grain 
boundaries as is clearly seen for decreasing Mn content in SmFe1-xMnxO3 (x=0.0, 0.1, 0.2 
and 0.3). Thus, the bulk of the impedance is contributed by the insulating grain 
boundaries. Strong charge localization leading to small polaron formation and hopping in 
SFMO. It is well known that charge localization with strong lattice distortion can occur 
due to a strong electron-lattice interaction, i.e., small polaron formation. Small polaron 
formation allows the charge carriers to locally distort the lattice around it, subsequently 
trapping itself in the resulting potential well. As a result, enhancement in electrical 
resistivity occurs [8, 9]. 
 
 
 
Fig. 6.7 The variation of real and imaginary parts of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) as 
a function of frequency at room temperature. 
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Fig. 6.8  Nyquist plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3)at room temperature. 
 
6.3.1.3 Dielectric loss 
The dielectric loss (tan (δ))is an important parameter to determine the suitability 
of a dielectric material application wise. We have measured the dielectric loss (tan (δ)) 
for SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) as a function of frequency at room 
temperature (Fig.6.9) and as a function of temperature at selected frequencies (Fig.6.10). 
The higher value of dielectric loss at lower frequencies is the effect of interfacial loss but 
it decreases with the increase in frequency. Moreover, at lower frequencies, higher 
energy is needed for mobility of electrons between ions due to presence of grain 
boundaries resulting in higher energy loss. But this situation eases at higher frequencies 
where resistivity is low due to presence of grains.  The dielectric loss as a function of 
temperature increases with the increase in temperature. This increase in loss is attributed 
to charge exchange between  Fe2+→ Fe3+ through high resistive grain boundary that 
results in complete polarization and hence higher value of dielectric loss. It is evident 
from Fig.6.10 that dielectric loss is maximum for x = 0.3 concentration. This indicates 
that the presence of Mn at Fe site in SmFeO3 strengthen the dipole-dipole interaction 
leading to hindrance to the rotation of dipoles and resulting in increase in dielectric loss. 
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Fig. 6.9 Frequency dependent tangent loss (tan (𝛿) of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at 
room temperature. 
 
 
Fig.6.10 Variation of tangent loss with temperature of SmFe1-xMnxO3(x=0.1, 0.2 and 0.3) 
at selected frequencies. 
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6.3.1.4 Electrical modulus 
We have calculated the real and imaginary parts of electric modulus for Mn doped 
SmFeO3 samples using equations 5.1 to 5.3 and plotted as a function of logarithm of 
frequency at different temperatures as shown in Fig. 6.11 and Fig. 6.12. It can be seen 
that the value of 𝑀′ increases with the increase in frequency and reaches a maximum 
value and then start to decrease. This peaking behavior converted into a hump with the 
increase in temperature. Moreover, this peak/hump shifts towards the higher frequency 
with the increase in temperature. This is an indicative of decrease in relaxation time and 
hence an increase in conductivity due to thermal activation of charge carriers. 
Furthermore, the effect of Mn doping can be observed in 𝑀" versus log(ω) plots for 
different Mn concentrations. The relaxation peak is shifted towards lower frequency on 
increase in Mn doping. We have not observed the peak for certain temperatures for 
different compositions, as the peak may occur beyond the range of measured frequency. 
 
Fig.6.11 Variation of real part of electric modulus with log(ω) of SmFe1-xMnxO3(x=0.1, 0.2 and 
0.3) at different temperatures. 
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Fig.6.12.Variation of imaginary part of electric modulus with log(ω) of SmFe1-xMnxO3 (x=0.0, 
0.1, 0.2 and 0.3) at different temperatures. 
 
6.3.2 AC conductivity  
In order to understand the conduction mechanism and the type of polarons 
responsible for conduction incase of Mn doped SmFeO3 samples, we make use of the 
relations 5.4 and 5.5 to calculate the AC conductivity (σac) and total AC conductivity. 
 We have plotted log(σac(ω)) versus log(ω) plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 
0.3) at room temperature as shown in Fig. 6.13. It is evident from these plots that the AC 
conductivity, σac(ω), follow the relation 5.6. 
In the low frequency region, grain boundaries with high resistance are effective, 
giving a constant plateau region (σdc). At higher frequencies, the increase in conductivity 
is due to grain effect and increased hopping of charge carriers between Fe2+and Fe3+ions 
at the adjacent octahedral sites. We have linearly fitted the plots of Fig.6.13 and 
determine the slope from these linear fits (Fig.6.14) as that would represent s. We have 
determined s for all the compositions and in different frequency intervals as shown in 
Table 6.1. The value of s parameter decreases with the increase in frequency. But on Mn 
doping a decrease is observed for x = 0.1 concentration sample but subsequent doping 
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resulted in higher s value but still remains lower than pristine sample (SmFeO3). The 
observed higher values of these quantities reveal that there is hopping between Mn3+ to 
Mn4+ and Fe3+ to Fe2+ at the octahedral sites of the compound[10]. 
 
 
Fig. 6.13 The variation of log(σ) with log(ω) of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at room 
temperature, Insets show the frequency dependence of ac conductivity (σ) at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6.14 Linear fits for log(σac) versus log(ω) plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 & 0.3) in 
different frequency intervals at room temperature. 
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Table 6.1 The values of s-parameter of SmFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3) for different 
frequency intervals at room temperature. 
f (×103Hz) 
S-parameter 
x=0 x=0.1 x=0.2 x=0.3 
75-170 0.62 0.42 0.44 0.48 
175-270 0.52 0.37 0.39 0.42 
275-370 0.45 0.35 0.36 0.37 
375-470 0.39 0.28 0. 31 0.32 
475-570 0.33 0.15 0.22 0.27 
575-670 0.28 0.09 0.17 0.22 
 
We have studied the temperature dependent ac conductivity (σ) at selected 
frequencies for SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). The conductivity data is fitted 
using Arrhenius equation (Jonscher’s law) [11-13] of the form of equation 5.7. 
The ln(σ) versus 1/T plots and conductivity (σ) versus temperature plots as insets 
for all the concentrations are shown in Fig.6.15. These plots are divided in to two 
different temperature regions before and after the transitions, that occur around 450 to 
570 K for different concentrations. The ln(σ) versus 1/T plots with linear fits in the 
temperature range 303-350K and 620-673K are shown in Fig. 6.16 and Fig.6.17. The 
activation energies are calculated for all the samples at different frequencies. The values 
of activation energies are tabulated in Table 6.3. As evident from this table that activation 
energy remains almost constant in the temperature range 303-350K, both as a function of 
frequency as well as concentration. But in the higher temperature range, activation energy 
of pristine sample increases with the increase in frequency while all Mn doped samples 
exhibit a decrease in activation energy with the increase in frequency. The ac 
conductivity alteration identifies that the conduction mechanism follows the charge 
hopping between localized states. The observed activation energy values indicate towards 
the small polaron hopping conduction mechanism [14, 15] in Mn doped samples. The 
hopping frequency of charge carriers seems to be the function of the frequency of the 
applied field results in increase in mobility of charge carriers in case of Mn doped 
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samples and hence the activation energy decreases with the increase in frequency. In case 
of pristine sample, due to lack of hopping mechanism, conductivity is lower and 
activation energy values are found to increase with the increase in frequency since at 
certain higher frequency the hopping of charge carriers ceases to follow the applied field 
frequency and deteriorates the conductivity. 
 
Fig.6.15 ln(σ) versus 1/T plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) at selected frequencies. 
Insets show the temperature dependence of conductivity plots.  
 
The increase in conductivity due to increase in temperature can be explained as 
follows: When the temperature is increased, the vibrational energy of a segment is 
sufficient to push against the hydrostatic pressure imposed by its neighboring atoms and 
creates a small amount of space surrounding its own volume in which vibrational motion 
can occur. Therefore, the free volume causes the mobility of ions and hence an increase 
in conductivity. The increment of temperature results in increase in conductivity due to 
the increased free volume [16]. 
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Fig. 6.16 The ln(σ)versus 1/T plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with linear fits in 
the temperature range 303-350K. 
 
Fig. 6.17 The ln(σ)versus 1/T plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) with linear fits in 
the temperature range 620-673K. 
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Table 6.2 The activation energy of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3) in the temperature 
range 303-350K before transition and in the temperature range 620-673K after transition at 
different frequencies. 
Frequency(Hz) 
Ea (eV) 
Temperature range 303-350K Temperature range 620-673K 
x=0.0 x=0.10 x=0.0 x=0.10 x=0.0 x=0.10 x=0.0 x=0.10 
75×103 0.01 0.02 0.01 0.01 0.66 0.60 0.64 0.64 
1.0×106 0.01 0.03 0.02 0.02 0.62 0.53 0.54 0.55 
3.0×106 0.04 0.03 0.03 0.03 0.59 0.48 0.51 0.53 
4.0×106 0.04 0.04 0.03 0.03 0.58 0.46 0.51 0.53 
 
In order to understand the nature of transport mechanism in Mn doped SmFeO3, 
we have plotted the frequency dependent conductivity data at different temperatures. 
Some of these plots are shown in Fig. 6.18. These plots are fitted linearly using 𝜎𝑎𝑐(𝜔) =
𝐴𝜔𝑠 to determine the s parameter at different temperatures.  
 
 
Fig. 6.18 The log(σ) versus log(ω) plots of SmFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3) at different 
temperatures. 
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In this study, we make use of the two models namely correlated barrier hopping 
(CBH) and non-overlapping small polaron tunneling (NSPT) models to fit the 
temperature dependent s parameter data and calculated the polaron hopping energy. 
We have plotted (1-s) versus temperature plots for all the samples of SmFe1-
xMnxO3(x=0.0, 0.1, 0.2 and 0.3) as shown in Fig. 6.19 to investigate the nature of 
conduction processes in different temperature zones. We have divided the fits in three 
phases as per the 1-s values in different temperature zones. As evident from Fig. 6.19, 
that pristine, x = 0.1 and x = 0.2 samples follows the CBH model below 400 K, in the 
temperature range 400 to 540K NSPT model is followed then  from 540 to 673K, the data 
is fitted according to CBH model. But in case of x = 0.3 concentration sample, 
conduction is governed by NSPT model below 400K and above this temperature CBH 
model is followed.  We have plotted separately these fits in different zones as shown in 
Fig. 6.20 and determined the polaron hopping energy as per the model followed in that 
particular phase. All the values of polaron hopping energy (WM) are tabulated in Table 
6.3. The polaron hopping energy, WM, for all samples increases with the increase in 
temperature. But on Mn doping hopping energy decreases for both CBH and NSPT 
models.The variation of polaron hopping energy with temperature indicates that the 
conductivity in the material is thermally activated, and increase in temperature increases 
the degree of overlap of coulombic potential wells of the considered sites [17]. 
Chapter 6                      Dielectric Properties and AC Conductivity of Mn Doped SmFeO3 
 
P a g e  | 180 
 
             Fig. 6.19 (1-s) versus temperature plots of SmFe1-xMnxO3(x=0.0, 0.1, 0.2 and 0.3). 
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Fig. 6.20 Linear fits of (1-s) versus temperature plots of SmFe1-xMnxO3(x= 0.0, 0.1, 0.2 and 0.3) 
for all the temperature zones. 
 
Table 6.3. The polaron hopping energy (WM) in different temperature zones for SmFe1-xMnxO3(x= 
0.0, 0.1, 0.2 and 0.3). 
Structure 
ΔT(k) 
x=0  x=0.1 x=0.2  x=0.3  
Phase/model WM 
(meV) 
Phase/model WM 
(meV) 
Phase/model WM 
(meV) 
Phase/model WM 
(meV) 
303-400 I       /CBH 76.3 I       /CBH 53.7 I       /CBH 53.6 I      / NSPT 51.6 
400-540 II      /NSPT 188.5 II      /NSPT 182.6 II      /NSPT 177.8 II     / CBH 171.2 
540-673 III     /CBH 562.7 III     /CBH 552.4 III     /CBH 545.7 III    /CBH 518.2 
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Chapter 7 
Conclusion and future plan 
 
In this thesis, we have systematicallystudied structural, optical, thermal and 
dielectric properties of transition metal doped rare earth orthoferrites. This chapter 
summarizes the results and possible future extension of the work. 
 
7.1 Structural and morphological properties:  
7.1.1 Mn doped GdFeO3 
We synthesized nano-crystalline samples of GdFe1-xMnxO3 (x=0, 0.10, 0.20 and 
0.30) by solid state reaction route and studied their structural and morphological 
properties. X-ray diffraction (XRD) patterns confirm single phase nature with 
orthorhombic Pbnm crystal symmetry for all samples. The lattice parameters and unit cell 
volume determined from the Rietveld refinement program, decrease with increase in Mn 
content. The most intense peak of XRD (2Ɵ=32.80 for GdFeO3) shifts with increase in 
Mn content, indicating the development of strain in the crystal lattice. All relevant 
physical parameters such as strain, stress, and energy density values were also calculated 
using W-H analysis with different models, viz. uniform deformation model (UDM), 
uniform deformation stress model (UDSM) and uniform deformation energy density 
model (UDEDM). The concentration of Mn increases the strain, stress, energy density 
and average size of the particles.  SEM with EDX micrographs show uniform distribution 
of nanoparticles without impurities. Elemental mapping confirms the homogeneous and 
symmetrical distributions of the elements in our samples. TEM images indicate that the 
particle size increases with increase in Mn concentration. FTIR spectra exhibit a strong 
band at ∼435 cm−1. This band is assigned to bending vibration of O−Fe−O. The Mn 
doping shifts this band from 435 cm−1 for pristine sample to 453 cm-1 for x= 0.3 
concentration. 
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7.1.2 Mn doped SmFeO3 
Nanocrystalline samples of SmFe1-xMnxO3 (x=0, 0.10, 0.20 and 0.30) were also 
synthesized by solid state reaction route to understand their structural, morphological, 
and dielectric properties. X-ray diffraction (XRD) patterns confirm single phase nature 
with orthorhombic Pbnm symmetry. The lattice parameters, determined from the 
refinement program and unit cell volume decrease with increase in Mn content. The most 
intense peak (2Ɵ=32.70 for SmFeO3) shifts towards higher 2θ values with the increase in 
Mn content, indicating the development of strain in the crystal structure. All relevant 
physical parameters such as strain, stress, and energy density values were also calculated 
using W-H analysis with different models, viz.  Uniform deformation model (UDM), 
uniform deformation stress model (UDSM) and uniform deformation energy density 
model (UDEDM). We have found that as the concentration of Mn increases the strain, 
stress, energy density and size of particle increase. SEM with EDX micrographs show 
uniform distribution of nanoparticles without impurities. Elemental mapping confirms the 
homogeneous and symmetrical distributions of the elements in our samples. TEM images 
indicate that the particle size increases with increase in Mn concentration. FTIR spectra 
exhibit a strong band at ∼397 cm−1. This band is assigned to bending vibration of 
O−Fe−O. The Mn doping shifts this band from 397cm−1 for pristine sample to 428 cm-1 
for x= 0.3 concentration. 
 
7.2 Thermal and optical properties:  
7.2.1 Mn doped GdFeO3 
The thermal and optical properties of GdFe1-xMnxO3 (x=0, 0.10, 0.20 and 0.30) 
samples were studied in detail. Differential thermal analysis (DTA) is carried out to study 
the thermal properties including heat capacity at constant pressure (Cp). We have found 
an anomaly near the Néel temperature that shifts towards the lower temperature by Mn 
doping. UV/Vis. absorption data in the wavelength range 200-800 nm is used to 
determine the energy band gap. The energy band gap estimated for GdFeO3 is found to be 
3.47 eV, doping with Mn decreases the band gap and it became 2.79 eV for x = 0.3 
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concentration sample. Urbach energy (Eu) calculated near the absorption edges are found 
to increase with Mn doping. The increase in Eu suggests that Mn doping introduces 
defects and more number of localized states in GdFeO3. The value of optical conductivity 
decreases with increase in wavelength of incident radiation.  
7.2.2 Mn doped SmFeO3 
In case of SmFe1-xMnxO3 (x=0, 0.10, 0.20 and 0.30) too. We have found an 
anomaly near the Neel temperature that shifts towards the lower temperature by Mn 
doping. The energy band gap estimated for SmFeO3 is found to be 2.61 eV, doping with 
Mn decreases the band gap and it became 2.31 eV for x = 0.3 concentration sample. 
Urbach energy (Eu) calculated near the absorption edges are found to increase with Mn 
doping. The increase in Eu suggests that Mn doping introduces defects and more number 
of localized states in SmFeO3. The value of optical conductivity decreases with the 
increase in wavelength of incident radiation.  
 
7.3 Dielectric and AC conductivity  
7.3.1 Mn doped GdFeO3 
Dielectric behaviour of GdFeO3was studied over frequency range from 75 kHz to 
5 MHz at room temperature, and also with change in temperature from 300C to 4000C.  
The dielectric constant increases with Mn doping and with the increase in temperature at 
a constant frequency. The observed higher values indicate towards thermally assisted 
hopping between Mn+3 to Mn+4 and Fe+3 to Fe+2 at the octahedral sites of the samples. 
The Cole-Cole plots between 𝜀” (𝑓)and𝜀’ (𝑓) at room temperature, do not fit into 
complete semicircles indicating non Debye type relaxation phenomena in these materials. 
The real (𝑍′) and imaginary (𝑍")parts of impedance decreases with the increase in 
frequency of applied field as well as with Mn concentration. Nyquist plots reveal the 
presence of grain and grain boundaries. An equivalent circuit is designed from the fitting 
values obtained via Zview software. The dielectric loss decreases with increase in 
frequency but exhibit an increase with the increase in temperature. Dielectric loss is 
maximum for x = 0.3 concentration. This indicates that the presence of Mn at Fe site in 
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GdFeO3 strengthen the dipole-dipole interaction leading to hindrance to the rotation of 
dipoles and resulting in increase in dielectric loss. A relaxation peak is observed in 
electric modulus versus frequency plots that shifts towards higher frequency with the 
increase in temperature, an indicative of thermally assisted conduction process. The ac 
conductivity is found to increase with the increase in frequency as well as temperature. 
We able to fit our conductivity data in the framework of CBH and NSPT models in the 
different temperature ranges and conduction follows small polaron hopping mechanism. 
 
7.3.2 Mn doped SmFeO3 
Similarly, the dielectric behaviour of SmFeO3 samples was also studied over the 
same frequency range from 75 kHz to 5 MHz at room temperature and for different 
frequencies in the temperature range 300C to 4000C.  The dielectric constant increases 
with Mn doping and with the increase in temperature at a constant frequency. The 
observed higher values indicate towards thermally assisted hopping between Mn+3/Mn+4 
and Fe+3 / Fe+2 at the octahedral sites of the samples. The Cole-Cole plots between 
𝜀” (𝑓)and𝜀’ (𝑓) at room temperature, exhibit almost linear behavior for a Debye 
relaxation process, indicating non Debye type relaxation phenomena in these materials. 
The real(𝑍′) and imaginary (𝑍") parts of impedance decreases with the increase in 
frequency of applied field whereas increases with Mn concentration. Nyquist plots 
between 𝑍′ and 𝑍" is linearly dependant and not fitted to curve, reveal the presence of 
grain and grain boundaries. The dielectric loss decreases with increase in frequency but 
exhibit an increase with the increase in temperature. Dielectric loss is maximum for x = 
0.3 concentration. This indicates that the presence of Mn at Fe site in SmFeO3 strengthen 
the dipole-dipole interaction leading to hindrance to the rotation of dipoles and resulting 
in increase in dielectric loss. A relaxation peak is observed in electric modulus versus 
frequency plots that shifts towards higher frequency with the increase in temperature, an 
indicative of thermally assisted conduction process. The ac conductivity is found to 
increase with the increase in frequency as well as temperature. We able to fit our 
conductivity data in the framework of CBH and NSPT models in the different 
temperature ranges and conduction follows small polaron hopping mechanism. 
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7.4 Overall conclusion of the thesis 
We have synthesized nanocrystalline samples ReFe1-xMnxO3(x=0.0, 0.10, 0.20 and 
0.30) (Re: rare earth ion, Gd or Sm) by solid state reaction route and studied their 
structural, dielectric and transport properties. Lattice parameters and unit cell volume 
were estimated using Rietveld refinement program for different doping concentration of 
Mn. The lattice constants and hence unit cell volume found to decrease with increase in 
Mn content in all samples. From XRD patterns, it is evident that the most intense peak 
shifts towards the lower 2θ values with increase in Mn content indicating the 
development of strain in the crystal structure. Possibly due to distortion after the 
incorporation of Mn+3 ions in the parent compound ReFeO3.  
All relevant physical parameters such as strain, stress, and energy density values 
were also calculated using W-H analysis with different models, via, uniform deformation 
model (UDM), uniform deformation stress model (UDSM) and uniform deformation 
energy density model (UDEDM). We have found that as the concentration of Mn 
increases the strain, stress, energy density and size of particle increase for all the models. 
 We have also studied morphology of these samples with SEM and TEM 
techniques. Particle size increases with increase in Mn concentration. The EDX spectra 
show that the elements Mn, Gd or Sm, Fe and O are present in the doping proportion 
system with no other elements in form of impurities. The distribution of the elements is 
homogeneous and symmetrical in all samples. 
DTA is carried out to study the thermal properties including heat capacity at 
constant pressure (Cp). We have found an anomaly near the Néel temperature that shifts 
towards the lower value on Mn doping. That indicates that Mn doping reduces the Néel 
temperature of the samples. 
 UV/Vis. absorption spectroscopy was used to determine the absorption edge and 
energy band gap of the samples. Energy band gap decreases on Mn doping and reaches 
minimum value 2.31 eV for x=0.30. Urbach energy (Eu) calculated near the absorption 
edges are found to increase with Mn doping. The increase in Eu suggests that Mn doping 
introduces defects and more number of localized states in ReFeO3. The value of optical 
conductivity decreases with the increase in wavelength of incident radiation. 
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FTIR spectra exhibit a strong band near ∼400 cm−1. This band is assigned to 
bending vibration of O−Fe−O. The Mn doping shifts this band to higher value with 
increasing concentrations. 
 The dielectric constant increases with Mn doping in both studied series. We have 
found that the dielectric constant of the material increases with the increase in 
temperature at a constant frequency. The observed higher values of these quantities 
reveal that there is hopping between Mn+3 / Mn+4and Fe+3 / Fe+2 at the octahedral sites of 
the compound. 
We have studied dielectric relation between dielectric real and imaginary part 
versus frequency at room temperature, the plots do not fit into complete semicircles 
indicating non Debye type relaxation phenomena in these materials. The variation of real 
and imaginary parts of impedance as a function of frequency has been studied. The 
values of these parameters decrease with the increase in frequency and with Mn 
concentrations, due to the electron hopping between Fe3+ and Fe2+ ions. All Nyquist plots 
of GFMO samples fitted with semicircle, indicating single relaxation process. But in the 
case of SFMO Nyquist plots not fitted to semicircle. 
We have generated equivalent circuit from the fitting values obtained via Z-View 
software, Rs values that indicate that the contact resistances increased for all 
concentrations. The bulk resistance of the samples (Rp) decreases with increase in Mn 
concentration in case of GFMO samples. There was no significant change is observed in 
capacitance Cp with Mn incorporation. Whereas, Warburg impedance exhibit an increase 
with Mn doping. 
The variation of dissipation factor with temperature at selected frequencies has been 
studied. The dissipation factor increases with the increases in temperature and decreases 
with the increases in frequency due to grain boundaries. 
AC conductivity (σac) versus applied frequency plots show transition near 2.4MHz 
frequency then after the transition σac increases rapidly. We have fitted this data linearly 
for low frequency range before and after the transition. We have found s (“s” represents 
the degree of interaction between mobile ions with the lattice) parameter for all 
concentrations using fits. The s value decreases with the increase in frequency.  The 
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higher values of these quantities reveal that there is hopping between Mn3+ to Mn4+ and 
Fe3+ to Fe2+ at the octahedral sites of the samples. The activation energies were calculated 
from ln(σ) versus 1/T plots, the activation energy increases with the increase in Mn 
concentration. It is evident that as the temperature increases the ionic conductivity 
increases for the increment of temperature results in increase in conductivity due to the 
increased free volume.  
The measurements of AC conductivity have been studied in the framework of two 
models viz. CBH and NSPT. We have observed the polaron hopping energy, WM, 
increases with the increase of Mn concentration and as well as temperature. This 
indicates towards thermally activated conduction process and increase in temperature 
increases the degree of overlap of coulombic potential wells of the considered sites.  
 
7.5 Future scope of the work 
In this thesis, we have limited ourselves on structural, dielectric, optical and 
thermal properties of transition metal doped rare earth orthoferrites. In future, we have 
planned to study the Raman spectroscopy, magnetic, and fluorescence spectroscopy of 
these materials. These materials can be used as a target to grow the thin films and to 
study their various properties. The structural, dielectric and transport properties in thin 
film form can be compared with the results obtained in this thesis. 
We feel that future scope of fundamental work on the similar orthoferrite systems, 
may include the studies like temperature dependent electron spin resonance (ESR), that is 
a useful technique for the study of spin dynamics of Fe ions, interaction mechanism and 
dynamical Jahn-Teller distortions in manganite systems and the neutron diffraction 
measurements and its magnetic refinement in order to understand the nature and cause of 
magnetic phase transitions exhibited by these materials. In order to examine the micro- or 
nano-scale magnetic structures in the bulk or strained orthoferrite thin films. It would be 
interesting to study the phase separation in these samples at atomic-scale resolution and 
to review the magnetic microstructures in the mixed phase state using the electron 
microscopy that can identify the magnetic and electronic structures. 
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In addition, it would be also interesting to fabricate the thin films on different 
substrates using pulsed laser deposition technique and to study their comparative effects 
on the structural, electronic transport and magnetic properties in the context of film 
thickness, strain, surface roughness, substrate temperature, ambient gas pressure of 
chamber etc. 
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